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ABSTRACT
BENCH-SCALE ASSESSMENT OF LOW PRESSURE MEMBRANE FOULING:
CHARACTERIZATION AND EXAMINATION THE ROLE OF ORGANIC
NITROGEN COMPOUNDS
SEPTEMBER 2010
ANH H. NGUYEN, B.S, UNIVERSITY OF CIVIL ENGINEERING, HANOI,
VIETNAM
M.S, UNIVERSITY OF OTTAWA
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor John E. Tobiason

The primary goal of this research was to improve understanding of the fouling of
low pressure hollow fiber membranes used in drinking water treatment. The major
difference of this study compared to other reported studies was the use of a hollow fiber
membrane module at operating conditions mimicking those of full-scale practice. Two
poly(vinylidene-fluoroethylene) based hollow fiber membranes (A and B) were tested.
Different types of fouling indices (total, hydraulic irreversible, chemical irreversible)
developed based on a resistance in series model were used to assess membrane
performance. Data from bench-scale and full-scale plants were compared to validate the
use of fouling indices. The impact of dissolved organic nitrogen (DON) on membrane
fouling was demonstrated with model waters containing humic substances and several
model organic nitrogen compounds. Three different natural water sources normalized to
the same organic content were tested.

vii

Fouling indices determined from the resistance in series model approach were
more applicable for natural waters than for model waters. Fouling was proportional to
throughput for both raw and pretreated water and at different flux rates. Pretreatment
(coagulation) reduced hydraulic irreversible fouling. Most fouling was reversed by
hydraulic and chemical cleaning. Specific flux and fouling indices of the bench-scale
system were higher than those of the full-scale system but the fouling index ratios were
comparable suggesting a similar fouling nature. A minimum of a few days of testing is
recommended for longer-term membrane performance assessment.
The impact of high DON concentration on membrane fouling was insignificant.
Membrane fouling was dependant on foulant properties other than, or in addition to,
molecular size and the DON/DOC ratio.
With three different natural water sources normalized to a similar organic content,
membrane fouling was specific to membrane type and water source. High initial total and
hydraulic irreversible fouling rates did not lead to high chemical irreversible fouling
rates. It is not possible to generalize the impact of different water sources on membrane
fouling. Membrane surface anlyses showed that hydraulically irreversible organic
foulants were detected as mostly hydrocarbons/polysaccharides, humic substances and
peptide/protein. Humic substances and peptide/protein were found to be organic foulants
regardless of their molecular weight and origin. Chemical cleaning with chlorine solution
was effective in removing all inorganic foulants and most organic foulants.
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CHAPTER 1
INTRODUCTION
Problem statement
Increasing demand for high quality potable water, use of poorer quality water
sources, and more economically competitive membrane treatment systems have led water
treatment utilities to choose, or consider, low pressure (LP) membrane filtration rather
than conventional media filtration for particle removal. After 15 years of rapid growth
from a few systems in the early 1990s, the total number of installations in the USA is
currently 282 excluding an average of 1.4 systems per state in the construction phase and
a growth of 2.2 systems per state in the design phase according to a recent study by
Herschell (2007). Under the US Environment Protection Agency (EPA) Long Term 2
Enhanced Surface Water Treatment Rule (LT2ESWTR), membrane filtration is
designated as one of the tool box technologies used to achieve Cryptosporidium removal
(Alspach and Sakaji 2007). In addition to the use of LP membranes in surface water
treatment, they are also increasingly used in wastewater effluent treatment prior to reuse
and as pretreatment for desalination by high pressure (nanofiltration and reverse osmosis)
membranes. However, the largest potential market for LP membranes is in treatment of
natural waters for potable purposes.
LP membrane systems, including microfiltration (MF) and ultrafiltration (UF),
use pressure or vacuum as the driving force to filter water through the porous membrane,
which is the physical barrier. MF and loose UF are most widely used in drinking water
treatment to remove bacteria, turbidity, particles, viruses, colloids, and macrosolutes. LP
membranes provide excellent water quality, yet water utilities have very limited options
1

in terms of system maintenance. Once the system has been purchased, water utilities have
to rely on membrane manufacturers for membrane cleaning, maintenance, or replacement
for the expected 7 to 10 years of useful membrane life. This is partially due to the fact
that fundamentals of membrane fouling and membrane system operation are not
completely understood.
A significant technical challenge for membrane processes is membrane fouling,
manifested at full-scale by the increase of required operating pressure to maintain a
targeted water production rate. Fouling includes the short term and reversible increase in
transmembrane pressure (TMP) due to the accumulation of rejected materials that can not
be avoided in dead-end mode operation of low pressure (LP) membranes. Irreversible
fouling, hydraulic and chemical, is the longer-term loss of permeability not recoverable
after hydraulic backwash (BW) and chemical cleaning (CC).
Although different fouling types (reversible vs. irreversible, hydraulic vs.
chemical) are well defined in the literature, results reported from bench-scale fouling
studies conducted in laboratories are often not well defined. These studies often lack one
or more of the critical components of full-scale operation (not including hydraulic BW
and/or CC) and were conducted at conditions not typical of full-scale practice (use of flatsheet membranes at constant pressure operating mode instead of using hollow fibers (HF)
at constant flux operating mode as used at full-scale). Due to the complex nature of
membrane fouling, changing one component of a membrane system can drastically
change membrane performance and make the bench-scale data far from applicable to
realistic practices. It is therefore critical to conduct studies at controlled conditions, as
well as mimicking those at full-scale.

2

Fouling indices, which are typically determined by simple filtration tests, provide
convenient tools for rapid assessment of the fouling potential of a water source. Fouling
indices have been developed for high pressure membranes (i.e., the silt density index
(SDI) and modified fouling index (MFI) for RO and NF membrane applications), and for
low pressure membranes (e.g., the unified fouling index (Jacangelo et al., 2006) for water
without pretreatment). The validation of fouling indices that incorporate all process steps
including with/without pretreatment and backwashing at constant flux operation mode
will provide valid tools for membrane end users to assess the fouling potential of a
particular water source
Membrane fouling in the treatment of natural waters is complicated. The fouling
of LP membranes has been found to be controlled by hydrodynamic conditions,
membrane properties, water chemistry conditions, foulant characteristics, and certain
interacting phenomena. Membrane fouling is frequently related to natural organic matter
(NOM). Inconsistent results have been reported in the literature regarding membrane
fouling by NOM, presumably due to different testing conditions and deviations from fullscale practice. Different measurements of NOM, including total organic carbon (TOC),
total nitrogen (TN), dissolved organic nitrogen (DON), UV absorbance, NOM size and
characteristics, and NOM source, have been found to have certain impacts on membrane
fouling. In recent literature, there has been indirect evidence of membrane fouling by
organic nitrogen compounds. High TOC and DON levels have been reported to cause
more severe fouling (Lozier et al. 2008). Certain nitrogen enriched NOM fractions
including protein, colloidal, and aminosugars have been repeatedly reported as the
fouling fraction of NOM (Kwon et al. 2003, Makdissy et al. 2004, Habarou et al. 2005,

3

Laabs et al. 2006, Lozier et al. 2006, Myrose et al. 2006). However, according to the
authors’ knowledge, there has not been any study conducted to specifically investigate
the impacts of organic nitrogen on fouling of LP membranes. In addition, organic
nitrogen was found to have a strong relationship to disinfection by products formation
potential (DBPFP) (Sirivedhin and Gray 2005). Although nitrogenous DBPs (N-DBPs)
are not currently regulated, they were cited as research priorities by the US EPA
(Environmental Protection Agency 2006) and their formation might be related to nitrogen
organic compounds. Increasing fundamental understanding about nitrogen compounds
and their removal is thus highly desired. In addition, the identified foulants were mostly
results from bench-scale experiments that deviated from full-scale practice. It is also
unclear if these foulants are reversible or irreversible, i.e., whether hydraulic or chemical
cleaning reverses these foulants.

Research goals and Objectives
The primary goal of this research is to improve understanding of the fouling of
low pressure hollow fiber membranes used in drinking water treatment. The outcomes of
the research will help water utilities to tailor their operating conditions to control fouling
and membrane industries to tailor their bench-scale membrane modules, and thus
possibly allow for testing in the laboratory for membrane screening prior to further costly
testing at the pilot-scale. In order to assess membrane performance in a controlled
manner, it is necessary to develop and validate a fouling index or fouling indices. The
fouling index should be able to describe distinctly the type of fouling involved, reversible
or irreversible, and the impact of hydraulic BW or chemical cleaning.
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One of the main objectives of the proposed research is to explore the effects of
organic nitrogen compounds (measured as dissolved organic nitrogen – DON) on
reversible and irreversible fouling of LP membranes. The impact of DON on membrane
fouling was first investigated with model waters containing humic substances and several
model organic nitrogen compounds. Membrane performance was compared by use of
validated fouling indices. The results from testing model compounds informed the choice
of natural water sources in the next phase.
To enhance the understanding of LPHF membrane fouling by natural water
sources, different water sources normalized to have a similar organic content were tested.
Membrane foulant properties were characterized using surface analytical tools and a
NOM characterization method.

Research hyphotheses and Approach
Research hypotheses
Based on the research goals and objectives, the following hypotheses were proposed:
1. Fouling indices (derived from resistance in series model) can be useful tools to
describe and assess the magnitude of fouling of LP membranes with and without
pretreatment,
2. NOM properties, including organic nitrogen content and sources, play a significant
role in the fouling of LP membranes.
Research approach
To achieve the purposes of the proposed research, the study took a three-phase
approach. Figure 1.1 summarizes the research approach.
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Phase 1 – Development and validation of the use of fouling indices
The objective of this phase was to develop and validate the use of fouling indices
to describe and assess membrane performance. While fouling indices for high pressure
membranes have been widely used, those for low pressure membranes have not been
studied extensively. In addition, fouling indices reported in the literature were mostly
determined based on mathematical models which imply a fouling mechanism. Very
often, fouling is the result of several combined mechanisms. The fact that fouling
mechanisms are implied in the determination of a fouling index usually make the index
biased. Thus, in this research project, fouling indices were developed without imposition
of fouling mechanisms. Tasks in this phase included:
•

Mathematical development of fouling indices. The fouling indices should
differentiate different kinds of fouling: total fouling, hydraulic reversible,
hydraulic irreversible, chemically reversible and irreversible fouling.

•

Development of hollow fiber modules that can be easily manufactured and
assembled, are similar to full-scale units, and can be easily assessed for membrane
surface analyses conducted in the next phase. The membrane system should be
operated at constant flux mode, either vacuum or pressurized depending on the
type of commercial membrane used, with automatic backwash and data
acquisition for prolonged experiments.

•

Testing with different water sources to validate the use of the fouling indices to
describe fouling.
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•

Validation of the use of fouling indices through direct comparison of laboratory
bench-scale data and full-scale data using the same membrane type, water source,
and testing conditions.

Phase 2 – Impact of organic nitrogen on fouling of LP membrane using model
compounds
The impact of DON concentration on membrane fouling was evaluated through
membrane filtration of model waters. Four model waters with the same DOC but
differing in DON/DOC ratios were studied. Tasks in this phase included:
•

Choice of model compounds based on properties and environmental relevance.
The model compounds should resemble compounds in natural waters, possibly
membrane foulants, and be abundant in natural waters

•

Testing with model waters at testing conditions mimicking full-scale operations

•

Use of surface characterization methods to observe the fouled membrane surface
and characterize elemental composition of the membrane surface.
The outcome of phase 2 contributed to the understanding of the role of organic

nitrogen in membrane fouling as well as directed the experimental design for phase 3.

Phase 3 – Impact of different water sources and membrane types on fouling of LPHF
membranes
In this phase, the impact of water sources and membrane types on membrane
fouling were studied while several controlling parameters including TOC, and the
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DON/DOC ratio were normalized to the same level. This phase included the following
tasks:
•

Identify water sources with different characteristics (oligotrophic, algal bloom
impacted, and wastewater impaired)

•

Bench-scale testing with different water sources and membrane types

•

Use of surface characterization methods to observe the fouled membrane surface,
characterize elemental composition as well as functional groups that led to
membrane fouling

•

Characterize NOM using high performance size exclusion chromatography.

Organization of Chapters
This dissertation is organized into 2 main parts: introduction and methods
(Chapters 1 to 4) and main results and conclusions (Chapters 5 to 9). Chapters 1 to 4
present the general background, literature review, and material and experimental
methods. Chapter 1 introduces the topic, presents the research goals, objectives, research
hypotheses, and research approach. Chapter 2 presents a literature review of the use of
membranes in drinking water treatment, fouling of low pressure membranes, use of
fouling indices for membrane performance assessment, review of organic nitrogen
compounds, and how they were found to be linked to fouling of low pressure membranes.
Chapter 3 presents the experimental methods and the overall experimental design
including design of the membrane module, membrane testing system, testing protocols,
model compound selection and their properties, and other major analytical methods
including NOM characteriziation with high performance size exclusion chromatography
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(HPSEC), dissolved organic nitrogen measurement using a dialysis system, surface
characterization using field emission scanning electron microscopy (FESEM), X-ray
photoelectron spectroscopy (XPS), and attenuated total reflection Fourier transform
infrared (ATR-FTIR). Chapter 4 presents water quality and membrane properties.
The results of the research project are presented in chapters 5 to 8. Chapter 5
presents the development of the fouling indices for LP membrane performance
assessment and the use of the developed fouling indices to describe membrane fouling of
waters from two water treatment plants (A and B). Full-scale data from Utility B that
utilized the same membrane used at bench-scale were compared to bench-scale data to
validate the use of fouling indices. Chapter 6 presents the results for the tests with model
compounds. Chapter 7 presents the results of testing with natural waters, water quality,
and foulant characterization with HPSEC. Chapter 8 presents the surface characterization
results. Chapter 9 summarizes all results as well as presents recommendations to utilities.

Phase I

Development and validation of fouling index for low pressure
membrane system

Phase II

Examination the role of organic nitrogen compounds in LP
membrane fouling: - Testing model water; - Surface
characterization

Phase III

Impact of different water sources and membrane types on fouling
of LPHF membranes

Figure 1.1 Research approach
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CHAPTER 2
LITERATURE REVIEW
This chapter reviews past research by others about the use of low pressure
membranes in drinking water treatment, fouling of low pressure membranes by natural
organic matter (NOM), the use of fouling indices to assess membrane performance, and
the use of surface characterization methods to identify membrane foulants.

Use of membranes in drinking water treatment
Membranes are physical barriers capable of removing a wide range of materials
including particles (such as microorganisms, pathogens), colloids, and ionic species.
Common pressure gradient driven membrane types used in water treatment include
reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF).
While RO is mostly used for desalination, i.e., treatment of brackish and saline water,
NF, UF, and MF are used for the treatment of non-saline water sources. Table 2.1
summarizes membrane processes used in water treatment including operating pressure
ranges, fluxes, and applications.
Microfiltration (MF) and loose ultrafiltration (UF) are classified as low-pressure
(LP) membranes and are most widely used in drinking water treatment to remove
bacteria, turbidity, particles, viruses, colloids and macrosolutes. For substantial removal
of natural organic matter (NOM), NF membranes are usually used, although LP
membranes coupled with pre-treatment by coagulation, or addition of absorbents, can
remove a significant portion of NOM (Choi and Dempsey 2004, Farahbakhsh et al. 2004,
Howe and Clark 2006). In general, the use of LP membranes in drinking water treatment
water produces water of high quality. MF and UF has been reported to reject greater than
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4.4 to 7 log of protozoa, higher than 8 log of bacteria, from 1 to 4 log removal for viruses
and as high as 90% of total organic carbon (TOC) when chemical coagulation and
flocculation are used ahead of the membrane process (USEPA 2001).
Two typical modes of operation are used, dead-end and cross-flow. The dead-end
mode is operated without surface shear which allows rejected species to be retained on
the membrane surface, form a cake, and be removed by intermittent backwashing and
chemical cleaning. In the cross-flow mode of operation, surface hydraulic shear is applied
when the feed and concentrate water moves across the membrane surface, which
enhances back-transport of retained species and helps to minimize foulant-surface
interaction. Thus, the particle properties which govern the cake properties in dead-end
operation, and the interaction of foulants with membrane surface in both operation modes
play a central role in membrane processes. While the cross-flow mode of operation is
used mostly for high pressure membranes, LP membranes are usually operated in deadend mode as this operating mode requires less energy.
With respect to hydraulic flux, membrane systems are operated at either constantpressure or constant-flux. In constant transmembrane pressure (TMP) mode, the initial
flux is usually high, and then decreases with operating time as fouling occurs. Due to the
initial high flux, the initial membrane fouling rate is usually high and tends to decrease
and eventually reach a pseudo-steady state. This mode of operation is favored at the
laboratory-scale at which most of the research data on membrane processes are reported.
On the contrary, at full-scale, membrane processes are operated at constant-flux mode to
maintain a targeted water production rate. This operating mode requires the TMP to
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increase with operating time, which can either maintain or increase the fouling rate until
the membranes are backwashed and cleaned and a new filtration cycle commences.
Three different membrane geometries are often used in drinking water treatment
including tubular, hollow fiber (pressure vessel or submerged), and spiral wound. For LP
membranes, hollow fiber is the most commonly used geometry as it allows a high
working surface area/volume ratio. The hollow fibers are either housed inside pressure
vessels, or are submerged in a water tank with a vacuum supplied pressure gradient.
Table 2.2 summarizes the main LP membrane manufacturers, their membrane
characteristics, and their typical operating conditions. At the laboratory-scale, flat sheet
geometry has been favored due to the ease in membrane system set up and membrane
manufacturing for new material testing. There have been many more studies using the flat
sheet configuration than using other configurations. A recent study of low pressure
membranes in drinking water treatment (Adham et al. 2006) showed that although
fouling was more extensive for flat sheet than for hollow fiber membranes, the two
membrane configurations generally experienced the same trends at bench-scale when
exposed to different pretreatments (prefiltration, coagulation, clarification).

Membrane fouling
Although the use of membranes has been proven to provide excellent treated
water quality, a significant technical challenge for membrane processes is membrane
fouling, or the loss of productivity with operating time, manifested at full-scale by the
increase of required operating pressure to maintain a targeted water production rate or
membrane flux (permeate flow/unit area). Fouling includes the short term and reversible
increase in TMP due to the accumulation of rejected materials that can be removed by
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periodic backflushing. This reversible fouling can not be avoided in dead-end mode
operation of LP membranes. Irreversible fouling, hydraulic or chemical, is the long-term
loss of permeability that is not recovered after membrane backflushing and requires
complex chemical cleaning to recover. Irreversible fouling can also lead to permanent
loss of productivity and/or membrane replacement.
In surface water treatment by MF/UF membranes, the nature of fouling is very
complicated and is a function of several variables (membrane properties, water
chemistry, the presence and nature of certain species, and operating conditions). Certain
variables which have been extensively studied in the literature on membrane fouling are
summarized as follows:
(1) Hydrodynamic conditions (measured by Jv/k where Jv is the flux (permeate flow per
unit area) and k is the boundary layer mass transfer coefficient) were found to
control the flux decline rate more than other membrane properties (hydrophilicity,
charge, surface roughness) and water characteristics (Amy and Cho 1999; Cho,
Amy, and Pellegrino 2000; Amy et al. 2001).
(2) Certain membrane properties impact membrane fouling including hydrophilicity,
roughness, surface charge, membrane pore size (Costa and de Pinho 2002; Costa, de
Pinho, and Elimelech 2006) or the degree of interconnection of pores (Zydney and
Ho 2003), and membrane material. While several studies suggested that a
hydrophobic membrane surface was more prone to adsorption of NOM than
hydrophilic membranes and controlled fouling (Amy et al. 2001, Howe and Clark
2002), a later study (Lee et al. 2004) suggested that membrane surface roughness
impacted membrane fouling more than membrane hydrophobicity. Membrane

13

surface charge was found to enhance membrane performance by charge repulsion of
similarly charged foulants (Cho, Amy, and Pellegrino 2000). Different membrane
materials led to different rates of flux decline and recovery by backwashing (Lozier
et al. 2006; Kimura, Yamamura, and Watanabe 2006).
(3) Water chemistry conditions such as pH had certain impacts on flux decline (Costa
and de Pinho 2002). Although the presence of certain ionic species, in particular
Ca2+, was found to cause more severe fouling of high pressure membranes (such as
nanofiltration) by NOM due to its complexation with NOM and binding of NOM to
membrane surfaces (Hong and Elimelech 1997), the Ca2+ impact on LP membrane
fouling was not found to be significant (Lee and Elimelech 2006).
(4) NOM measuments, characteristics and sources: NOM fractions (hydrophilic (HPI,
neutral

charged,

mostly

organic

acids),

transphilic

(TPI,

mostly

polyhydroxyaromatics), and hydrophobic (HPO, neutral charged, mostly proteins,
aminosugars, polysaccharides) and molecular weight have been found to have
certain impacts on membrane fouling (Fan et al. 2001, Kennedy et al. 2005). Certain
fractions of NOM were found to cause more pronounced fouling and were
preferably retained by LP membranes, especially particulate and dissolved organic
colloids (main composition was polysaccharides, protein, and amino sugar) (Howe
and Clark 2002; Kwon et al. 2003; Kennedy et al. 2005; Sundaramoorthy et al.
2005; Costa, de Pinho, and Elimelech 2006; Lee and Elimelech 2006), and high
molecular weight (MW) compounds (protein-like substances) (Jacangelo et al.
2006, Myrose et al. 2006). The presence of colloids was found to increase fouling
without coagulation but was easier to backwash (Lee and Elimelech 2006) and
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decreased fouling with coagulation (Sundaramoorthy et al. 2005). Irreversible
fouling increased with longer time of operation, and the rate of irreversible fouling
was in the order of raw water > reconstituted raw water by colloidal and noncolloidal fractions > colloidal fraction > non-colloidal fraction (Kennedy et al.
2007). Wastewater effluent origin NOM (EfOM), rich in bacterial cell wall residuals
(composition is mainly polysaccharides/proteins), caused more fouling than other
NOM sources (Huang et al. 2005; Lee, Amy, and Lozier 2005; Lozier et al. 2006).
Higher dissolved organic nitrogen (DON) and total organic carbon (TOC) were
reported to cause more severe fouling (Lozier et al. 2008).
(5) Fouling mechanism: Flux data indicated that adsorption (Fan et al. 2001, Lozier et
al. 2006), pore constriction, and cake layer formation (Fan et al. 2001; Zydney and
Ho 2003; Makdissy et al. 2004; Huang et al. 2005; Lee et al. 2005; Costa, de Pinho,
and Elimelech 2006; Laabs, Amy, and Jekel 2006) are the controlling fouling
mechanisms.
Most of the summarized studies above were conducted at testing conditions that
deviated from full-scale studies. In particular, limitations and deviations of many studies
as compared to full-scale operations include:
(A) No control of the initial permeate flux, which strongly impacts the initial fouling
rate, when comparing membrane performance.
(B) No backwashing and/or chemical cleaning, i.e., no differentiation of reversible
versus irreversible fouling.
(C) Conducted with membrane geometry different from what is typically used at fullscale.
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(D) Conducted using constant feed pressure operation (versus constant flux mode at fullscale).
In order to aid the discussion of literature on membrane fouling, Table 2.3
summarizes a selected number of studies conducted in recent years, focusing on some
key features including membrane types, operation conditions, findings and some
comments on limitations.
In general, lack of standardized testing conditions and deviations from benchscale testing conditions from those practiced at full-scale make the data comparison and
assessment quite difficult. It is therefore critical to conduct studies using controlled
testing modes, as well as at conditions mimicking those at full-scale. In addition, there is
a lack of studies of irreversible versus reversible membrane fouling.

Dissolved organic nitrogen compounds and their relation to fouling of LP
membranes
Organic nitrogen compounds in natural water
The total dissolved nitrogen (TDN) in natural surface water is comprised of
dissolved organic nitrogen (DON) and dissolved inorganic nitrogen (DIN). DON is
comprised of compounds with a broad spectrum of molecular weights (MW)
encompassing multiple N-containing functional groups. In surface water, DON
concentration ranges from <0.1 to >10 mg/L with a median of 0.3 mg N/L (Westerhoff
and Mash 2002). In surface water, the reported ratio of DON to TDN (DON/TDN) varies,
ranging from an average of 60 to 69% excluding deep oceanic waters (Badr et al. 2003,
Bronk 2002), to only 10% in one study of US water treatment plant source waters (Lee,
Westerhoff, and Esparza-Soto 2006). In natural surface waters, more nitrogen content
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was found for low molecular weight (MW) dissolved organic matter (DOM), colloidal
fractions of NOM, and DOM with high hydrophilic character (Croue et al. 2006). Croue
et al. (2006) also found a relatively good positive correlation between DOC and DON
levels in natural surface waters. However, the correlation is not good for wastewater
impaired surface water. Based upon ultrafiltration separation, the molecular weight
distribution of DON showed equal proportions in three ranges, less than 1000 Daltion (1
kDa), 1 to 10 kDa, and greater than 10 kDa, while for finished drinking water, half of the
DON had MW less than 1 kDa (Westerhoff et al. 2005).
DON occurs as a continuum of molecular weight material comprised
predominantly of amino sugars and amino proteins (Westerhoff and Mash 2002). Low
molecular weight organic nitrogen matter contains free amino acids, while higher MW
organic nitrogen compound (org-N) contains amino acids incorporated into larger NOM
molecules, heterocyclic-N, polyamine peptides and biomolecular material (RNA, DNA).
There are different findings with respect to the precise structural composition of organic
nitrogen primarily due to analytical limitations and its incorporation into a wide range of
molecular weights. Except for amine functionality, very little is known about organic
nitrogen structures in NOM. Amino acids appear to constitute between 30% and 50% of
the DON, with less than 5% present as free amino acids (Westerhoff and Mash 2002).
Cell walls (peptidoglycans) or membranes (lipopolysaccharides) and recondensation
products (melanoidin-like) are amides and constitute approximately 20% of the DON.
Colloidal NOM fractions are also N-enriched and consist of decomposed biological
cellular material (Croue et al. 2006).
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DON sources are primarily from wastewater discharges, agricultural fertilizers,
algae, forest litter, and soils. During wastewater treatment, biological treatment processes
can produce DON (mostly from soluble microbial products (SMP)). Dominant amino
acids in wastewater effluents include higher concentrations of proline, tyrosine and
trytophan (Dignac et al. 2000) which are all neutral amino acids. Other specific nitrogencontaining organic compounds, such as ethylenediaminetetraacetic acid (EDTA) or
pharmaceuticals, account for approximately 1% of the DON. In wastewater effluent, the
total concentration of all identified nitrogen-containing compounds comprised only 10%
of DON, leaving the majority of DON unidentified (Pehlivanoglu-Mantas and Sedlak
2006). The unidentified DON most probably consists of polymerized biological
compounds.
DON measurement methods
DON so far has been measured indirectly by subtracting DIN from TDN. The
approach is as follows: DIN is first measured, then the TDN is measured by the
conversion of organic material to inorganic nitrogen species (NO2-, NO3-, or NH3/NH4+).
DON is the difference between the TDN and the initial DIN. With this measurement
method, a low level of DON might lead to inaccuracy and be below the detection limit
(0.1 mg/L) due to the substraction of two almost equal values for TDN and DIN. The
presence of elevated DIN in water (NO3- > 1 mg N/l) may also significantly impact the
accuracy and applicability of existing DON measurement methods.
For the measurement of TDN, four methods are commonly used including wet
chemical oxidation, high temperature oxidation, UV oxidation, and Kjeldahl nitrogen.
Wet chemical digestion and high temperature has been found to offer higher accuracy
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and is used in ecology and marine sciences to measure TDN (Westerhoff and Mash
2002). High temperature digestion systems with on-line detection are commercially
available (e.g., Shimadzu, Antek, Dohrmann). The method is based on direct aqueous
injection of the sample onto an oxidation column. The TDN is then conversed into NO
which requires the conversion of N compounds at a high temperature with either a
catalyst (HTCO at 680 - 800 oC) or without a catalyst (HTO at 1100oC). The catalyst
used is typically Pt, CuO, or CoO. The NO in the combustion gas is then reacted with O3
produced in the nitrogen chemisluminescence detector to give the radical NO2* species
that chemiluminesces upon decay to its ground state. The emitted light is collect by a
photomultiplier tube (PMT) and the resulting signal (voltage) is stoichiometically
proportional to the amount of total dissolved combined N (Badr et al. 2003). The
limitations with this method are that it can not quantify some recalcitrant substances
including methyl orange, sulfathianzole, antipyrine, and urea (Alvarez-Salgado and
Miller 1998).
Westerhoff and Mash (2002) presented a detailed list of available measurement
methods for DIN. Ion chromatography coupled with UV detection (215 nm) is the most
commonly used method to measure NO2- and NO3-, while NH4+ is usually measured by
the phenate method. Nitrate and nitrite have detection limits of 0.6 µg N/L and
quantification limits of 0.3 µg N/l while ammonium ion has a detection limit of 20 µg
N/L (Croue et al. 2006).
Recently, direct measurement of DON was conducted by removing inorganic
nitrogen by dialysis (Lee and Westerhoff 2005). This method can facilitate a more
accurate DON measurement when the DIN/TDN ratio is high (>0.6) (Lee and Westerhoff
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2005). The concern associated with this method is its application to wastewater effluents
with high DIN concentration; the presence of low molecular weight organic N
compounds that permeate the dialysis membrane, and the adsorption of organics onto the
dialysis membrane, can cause errors.
Apart from measuring total dissolved organic nitrogen, certain fractions of DON,
including amino acid and protein, can also be measured. Linddroth and Mopper (1979)
presented a method to measure amino acids using high performance liquid
chromatography (HPLC) with UV/Vis or fluorescence detection after derivatization.
Total protein can be measured using traditional techniques (Lowry Method) or resonance
light-scattering with tetra-substituted sulphonated aluminium phthalocyanine for lower
concentration (Chen et al. 2001). Proteins can also be quantified directly by HPLC after
derivatization of the amino acid with a fluorescent reagent. Fluorescence analysis can
also be used to characterize aromatic amino acids.
Link between organic nitrogen compounds and membrane fouling
There has been some indirect evidence suggesting a link between LP membrane
fouling and DON. Studies have indicated that certain fractions of DON, including
proteinaceous material, and colloidal amino-sugars (microorganism cell walls), may be
important NOM fractions associated with membrane fouling (Lee, Amy, and Croue
2006). Laabs, Amy, and Jekel (2006) found that the nature of the foulant in wastewater
effluent

was

polysaccharide

(PS),

large

proteins,

or

organic

colloids

with

polysaccharide/protein signatures. The hydrophilic NOM fraction (HPI), which has been
found to cause more fouling than TPI and HPO fractions (Fan et al. 2001), and was the
most difficult to backwash (Kennedy et al. 2005), was also found to contain the highest
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fraction of nitrogen (Croue et al. 2006). Wastewater effluent organic matter (EfOM),
which contains a high content of org-N compounds, was also found to cause severe
fouling of LP membranes (Lee et al. 2004, Huang et al. 2005, Lozier et al. 2006). DON
may also be associated with irreversible fouling when coagulation/flocculation is used as
the pretreatment method since coagulation/flocculation poorly removes org-N fragments
(Westerhoff and Mash 2002) and neither aluminum nor iron-based coagulants removed
the protein or amino-sugar biopolymer fractions of NOM (Vilge-Ritter et al. 1999). High
TOC and DON levels have been reported to cause more severe fouling (Lozier et al.
2008). The use of model compounds to simulate different organic nitrogen foulants
(mostly protein) in membrane fouling studies have been widely reported in the literature,
with many using membrane geometry and testing conditions deviating from full-scale
practice (Jiraratananon, Uttapap, and Sampranpiboon 1998; Costa, de Pinho, and
Elimelech 2006; Teng et al. 2006; Xiao et al. 2009). Relatively less work was conducted
with model compounds at the constant flux, increasing transmembrane pressure operating
condition (Ghosh 2001; Ho and Zydney 2002; Kanani, Sun, and Ghosh 2008; Sun,
Kanani, and Ghosh 2008; Loh et al. 2009). However, according to the author’s
knowledge, there has not been any study conducted to specifically investigate the impacts
of organic nitrogen compounds (measured as dissolved organic nitrogen, DON), on
fouling of low pressure hollow fiber (LPHF) membranes at operating conditions
mimicking those at full-scale (constant flux with periodic hydraulic backwash and
chemical cleaning). In addition, organic nitrogen was found to have a strong relationship
to disinfection by products formation potential (DBPFP) (Sirivedhin and Gray 2005).
Although nitrogenous DBPs (N-DBPs) are not currently regulated, they were cited as
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research priorities by the US EPA (Environmental Protection Agency 2006) and their
formation might be related to nitrogen organic compounds. Increasing fundamental
understanding about nitrogen compounds and their removal is thus highly desired.

Use of fouling indices for membrane performance assessment
Fouling indices have been developed to describe membrane fouling including the
silt density index (SDI) and the modified fouling index (MFI). SDI is a widely used
fouling index for reverse osmosis membranes. The MFI has been used to assess the
fouling potential of a water source by means of simple, short empirical filtration tests.
The MFI is considered to vary linearly with the concentration of particles in the feed
water (Schippers and Verdouw, 1980). However, the reported limitations of the MFI are
its insensitivity to the presence of smaller particles and unsatisfactory correlation with
colloidal fouling observed for full-scale membrane installations (Boerlage et al. 1998,
Boerlage et al. 2003). The MFI-UF was later developed to account for the presence of
smaller particles. At constant pressure, the MFI-UF (tested with a polyacrylonitrile 13
kDa UF membrane) index is based on cake filtration and is proportional to particle
concentration (Boerlage et al. 1998, Boerlage et al. 2003). Recently, a group of
researchers (Jacangelo et al. 2006; Lozier et al. 2008; Huang, Young, and Jacangelo
2008; Huang, Young, and Jacangelo 2009) suggested the use of a unified modified
fouling index for low pressure membrane performance assessment at constant flux. The
original model was developed based on cake layer formation to determine reversible
fouling index and intermediate pore blockage to determine an irreversible fouling index.
The newer version presented in Lozier et al. (2008) assumed fouling is solely caused by
the formation of a cake layer. Different types of fouling indices could be calculated using
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different data sets, with or without hydraulic backwash or chemical cleaning. The
question remaining is whether bench-scale and full-scale data are comparable.

NOM characterization and membrane surface analytical methods
Some NOM characterization methods used in membrane foulant characterization
include pyrolysis gas chromatography mass spectrography (Pyrolysis GC-MS) (Park et
al. 2006), high performance size exclusion chromatography (HPSEC) (Bele et al. 2006;
Laabs, Amy, and Jekel 2006), and variations of the HPSEC systems including the
coupling of HPSEC with a fluorescence detector to produce the fluorescence excited
emission matrix (Kimura et al. 2004; Lee, Amy, and Croue 2006). The use of the UV
absorbance ratio index (URI), obtained from the HPSEC system with a UV detector, has
also been used to characterize NOM in membrane fouling, mostly reported for high
pressure membranes (Her et al. 2004, Her et al. 2008). The use of an HPSEC system with
different detectors, although providing useful information, is highly dependant on the
experimental conditions (type of column, type of standard, elluent properties including
type, pH, ionic strength, flow, injection volume, and detector used). In addition, limited
studies have been reported on the use of this system to characterize membrane foulants.
Thus additional studies should be conducted.
In addition to NOM characterization, recent studies attempted to investigate
detailed physical and chemical characteristics of membrane foulants using more
complicated surface analytical tools. Visual observation of membrane surfaces has
mostly involved scanning electron microscopy (SEM) and atomic force microscopy
(AFM) (Laabs et al. 2003; Lee et al. 2005; Costa, de Pinho, and Elimelech 2006).
Analysis of the fouled membrane surface using SEM and AFM showed fouling
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mechanisms mostly associated with pore blockage and surface (gel layer) coverage that
decreased membrane porosity for experiments with flatsheet membranes (Lee et al.
2005). Studies by Costa, de Pinho, and Elimelech (2006) using AFM suggested that there
was no adhesion force between the organic colloid and the clean membrane surface and
that foulant-foulant adhesion leads to accumulation on the membrane surface.
More details on functional groups and chemical composition of foulants can be
determined by other surface analytical tools including attenuated total reflection – Fourier
transform infrared (ATR – FTIR) spectroscopy (Belfer et al. 2000; Howe, Ishida, and
Clark 2002), fast atom bombardment mass spectrometry (FAB MS), X-ray photoelectron
spectroscopy (XPS), time of flight – secondary ion mass spectrometry (SIMS) (Fontyn,
van 't Riet, and Bijsterbosch 1991a; Fontyn, van't Riet, and Bijsterbosch 1991b), and
transmission electron microscopy (TEM) (Freger, Gilron, and Belfer 2002).
Details of the functional groups of foulants can be determined by ATR – FTIR
spectroscopy. Functional groups absorb energy at different specific wavelengths, which
can be shifted in position and intensity due to substituent effects of adjacent atoms. For
aquatic natural organic matter, several characteristic bands can be seen and thus different
compound classes can be identified. Under infrared light, the molecules get excited to
different vibrational states. Functional groups absorb energy at different specific
wavelengths, which can be shifted in position and intensity due to substituent effects of
adjacent atoms. Leenheer (2009) presents an in-depth review of the infrared frequency
for various compound classes in NOM isolates. Carbohydrates usually contain two broad
peaks near 3400 cm-1 (OH stretch of alcohols) and 1100 cm-1 (C-O stretch of alcohols).
NOM that is enriched with carbohydrate contains a carboxylic acid peak near 1720 cm-1.
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Aminosugars are a dominant constituent of the colloidal fraction of dissolved organic
matter and are identified by the broad carbohydrate peaks as above. In addition, the ketoform of the amide carbonyl has a peak at 1660 cm-1 (amide peak 1) and the enol-form of
the amide C=N stretch gives a peak at 1550 (amide 2), while the methyl bending of the
acetyl group gives a peak at 1380 cm-1. Proteins and peptides also contain the amide 1
and 2 peaks but the amide 2 peak is at 1540 cm-1, not at 1550 cm-1 as in aminosugars.
There is also no peak at 1370 cm-1 of the methyl bending. The weak N-H stretching band
near 3100 is also characteristic of proteins. Humic substances are dominated by O-H
group stretches (3600-3300 cm-1) and the C=O and C-O group stretches (2700-2200 cm1

). In addition, other identifications are the C-H stretch peak at 3000-2800 cm-1, COOR

group at 1760 cm-1, COOH group at 1720 cm-1, and C=C-C=O group at 1660-1600 cm-1.
Strong absorption bands at 1000 to 1050 cm-1 have been interpreted as silicates (Howe,
Ishida, and Clark 2002) or polysaccharides (Park et al. 2006).
X-ray photoelectron spectroscopy (XPS) analysis can provide detailed
information about atomic composition at the membrane surface and identify certain
structural information (for example the presence of C-C, C-S, and C-O bond) and the
presence of unsaturated bonds (Fontyn, van 't Riet, and Bijsterbosch 1991a; Fontyn, van't
Riet, and Bijsterbosch 1991b). Under irradiation with X-rays, the sample surface emits
photoelectrons, whose binding energy is unique for each element and can be identified.
The number of detected electrons in each of the characteristic peaks is directly related to
the amount of element within the irradiated area. In addition, chemical shifts in the
binding energy when an atom is in a different environment enable the identification of
different chemical functional groups. However, XPS can not identify similar multiple
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functional groups on modified and complex surfaces due to the insufficient dynamic
ranges of the shifts of similar functional groups. Therefore, in membrane surface
analysis, XPS is mainly used to determine the elementary composition at the membrane
surface. After obtaining XPS spectra, peaking techniques can be used to identify possible
functional groups. Using this technique, Kweon and Lawler (2005) reported finding
carboxylic functional groups causing fouling of flat sheet ultrafiltration membranes by
model polysaccharides. This peaking method, however, requires many assumptions and
speculations.
Recently, ion probing and Rutherford backscattering spectrometry (RBS) was
used to quantify positive (amide) and negative (carboxylic) functional groups on reverse
osmosis and nanofiltration membrane surfaces as a function of pH (Coronell et al. 2007).
The quantification of foulant functional groups, however, is still a challenge. Table 2.4
summarizes some literature on foulant identification using the mentioned surface
analytical tools that might be helpful in understanding the fouling of LP membranes.
In the scope of this research project, three surface analytical methods were
conducted to extend understanding of membrane fouling. FESEM was used to observe
clean and fouled membrane surfaces, and provided useful information on possible fouling
mechanisms. XPS was used to determine the elementary composition, giving insights
into types of dominant foulants (organic or inorganic). XPS results also provided useful
information in interpreting surface analyses results by ATR-FTIR, which provided
information about functional groups, thus possibly suggested which fractions of NOM
were dominant membrane foulants.
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Table 2.1 Membrane processes used in water treatment
Membrane
processes

Pore size
(nm)a

MWCOb
Dalton
(Da)
> 500,000
Da

Species
retained
Bacteria,
turbidity,
particles

Typical
fluxes
(L/m2.h)
50-200

Microfiltration
(MF)

50-100

Ultrafiltration
(UF)

5-50

> 5,000
Da

Virus,
colloids,
macrosolutes

50-100

Nanofiltration
(NF)

2-5

> 400 Da

NOM, sugar,
divalent ions

10-50

Reverse
osmosis (RO)

< 1, no
detectable
pores

> 50 Da

Example of full-scale
facilities
1.1 m3/s (25 mgd ),
Manitowoc WTP, WI, direct
filtration of Lake Michigan
water using PVDF US Filter
Memcorc
1.5 m3/s (35 mgd)
Olivenhain, CA, direct
filtration of reservoir water
using Zeeweed/ Zenon / GEd
3.6 m3/s (80 mgd); UF/NF
filtration with ozonation of
shallow pond surface water,
Town of Stonington, Mainee
1.1 m3/s, 24 mgd
Jubail, Saudi Arabia f

Monovalent
10-30
ions, low
MW org
a
b
According to (Fane et al., 2006); Molecular weight cut-off, according to (Lonsdale H. K.

1986); c(Atassi et al. 2007);
http://www.zenon.com/resources/case_studies/drinking_water/olivenhain.shtml;
e
http://www.ams-water.com/March05/S06-004.htm; f(Dupont, December 31, 1995)

d
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Table 2.2 Common LP membranes used in surface water treatment
Manufac.

Zenon/GE
(Zeeweed
500/1000)
Kocha (PMPW
UF)
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Siemens (US
Filter/Memcor
)
Norit X-flow
(XIGA/Aquafl
ex)
Hydraunautics
(Hydracaps)

Aquasource

Membrane characteristics
MWCO/
pore size
0.04 – 0.1
µm

Material
-

100 kDa

0.1 µm

-

150 kDa

Operating values

HF, Out-in,
submerged

1-15

Flux
(LMH)
25-50

PS

HF, In-out,
pressurized

Max 30

~ 50

PP or
PVDF

HF, Out-in,

30-40, for
pressurized 12
for submerged
4

~ 50

2-20

30-75

-

PES

Config.

HF

Capillary,
In-out

TMP
(psi)

-

Reference sites
Backwash

15-60 minutes
for 30-60 sec;
Water + air
60
minutes
interval at max
20 psi
15-60
min
interval for 90
sec
-

Lakeview WTP (Lake Ontario), Mississauga, ON,
Canada (80 MGD); Chestnut, Singapore (72 MGD);
Racine, WI (50 MGD).
Cass County, MO (surface water, 1 MGD);
Appleton, WI (6-24 MGD, Lake Winnebago)

BW flux of
100 to 150
GFD, 25-60
sec every 1560 min
BW at 36 psi

Mostly used for pretreatment of RO membrane in
desalination (South Houston Gree, Texas city, TX
(7.5 MGD); Calpin Los Medanos Energy Center,
Pittsburg, CA (2.1 MGD); Caltex Refinery

Kennewick, WA (retrofit to 15 MGD); City of Idaho
Springs , CO (2.7 MGD); Sunrise Water Authority,
Oregon City, OR (Clackamas River water, 10 MGD)
Minneapolis - USA
(78 MGD)

35 to 100 CA/PS
HF, In-out
Max 14.5
San Felipe WTP, Del Rio, TX (16 MGD); Southside
kDa
(DE), 22 (Xf)
WTP, Georgetown, TX (3 MGD)
CA: cellulose acetate, PES: polyethersulfone, PP: polypropylene; PVDF: polyvinylidene fluoride; HF: Hollow fiber; Xf: cross-flow, DE: dead-end. a Koch also
has spiral wound and tubular membranes but are mostly used for industrial (food, wine, pharmaceutical) water treatment; b Depending on water quality &
pretreatment

Table 2.3 Summary of selected studies of LP membrane fouling
Membrane
typea
FS, PA, PES,
CA UF,
TFC, FS,
PES, S- PES
UF
PP HF MF

Testing
modea
Xf/CP
Xf, CP,
controlled
Jo/k
CP, DE

Water source

Findings b

Nat. surface &
ground waters
Nat. surface &
ground waters

1, 3 (Ca2+ and low pH), 4 (HPI
& PS)
1 (Jo/k, for HPI), 4 (Neutral and
basic NOM), 5

Fract &
coagulated
water
Raw,
concentrated,
fract. NOM

4 (Small, neutral, hydrophilic
compounds)

A, B, D

(Carroll et al.
2000)

4 (NOM with higher MW
(>30kD), HPI neutral>HPO
acids > TPI acids > HPI
charged)
2 (membrane HPI), 4 (mostly
dissolved colloidal NOM, small
fraction of Si, Al)
3 (Lower fluxes at pH 7 than pH
5.3), 2 (Membrane pore size)
4 (inorganic and organic
colloids)

A, B, C,
D

(Fan et al. 2001)

A, B, C,
D

(Howe and Clark
2002)

A, B, C,
D
A, B, C,
D

(Costa and de
Pinho 2002)
(Howe and Clark
2002)

A, B, C,
D

(Zydney and Ho
2003)

A, B, C,
D

(Kwon et al.
2003)

4 (particulate and dissolved
colloids)
4 (particular + dissolved
colloids)

A, B
A, B, C,
D

(Sundaramoorthy
et al. 2005)
(Laabs, Amy,
and Jekel 2004)

Fractionated
NOM (HPO,
TPI, colloids)
Nat. surface
waters

5 (Cake layer); 4 (Dissolved
colloids; Biopolymer mixture
(PSh, protein, amino sugars)
2 (roughness); 4 (EfOM); 7

A, B, C,
D

(Makdissy et al.
2004)

A, B, C

4 (organic colloids), difficulty of
removal by backwashing:
HPI>TPI>HPO)
4 (PSh/ protein structures,
aromatic amino acids)
4 (EfOM), 5

C

(Lee, Amy, and
Lozier 2005; Lee
et al. 2004)
(Kennedy et al.
2005)

HPI, HPO
PVDF MF,
FS

CP, DE

PP, PES, CA
MF and UF

DE, CP

Nat. surface
waters

CA MF and
UF, FS
PP MF

CP, XF

Humic acid

CP, DE

Filtered
natural surface
waters
Bovine serum
albumin
(BSA)

FS, PCTE,
PTFE, PVDF,
Al2O3 MF,

XF, CP

FS UF

CP

PES MF, HF,
submerged
FS, PVDF
MF, and
CA/CN
FS, PES UF

CP

HPO, HPI
MF/UF, FS

CP, DE

PES/PVP,
HPI UF, HF,
in-out
PS, PVDF HF
UF
PVDF, PES,
HF, MF/ UF

DE, CF

Fract. & nat.
surface water

DE, CP

Clarified water

CF, DE

Nat. surface
water and
EfOM

CP, stirred
cell, DE
CP, DE

Nat. colloidal,
raw surface,
fouled water
Nat. surface
water
Nat. organic
colloid

2 (high interconnected pores
showed slower rates of flux
decline); 5 (Pore blockage –
cake)
4 (Colloidal: amino sugars and
PSh)
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Comme
ntc
A, B, C,
D
B, C, D

A, B
C

Reference
(Amy and Cho
1999)
(Cho, Amy, and
Pellegrino 2000)

(Habarou et al.
2005)
(Huang et al.
2005)

Table 2.3 Summary of selected studies of LP membrane fouling (continued)
Membrane
typea
PES UF, CA
UF/ MF,
PVDF MF

Testing
modeb
DE, CP

CA UF

DE, CP

Humic acid

PVDF HF
MF

DE, CF

CA and PES
tight UF, FS

XF, CF,
controlled
Jo/k &Jo

CA/CN,
PAN, RC MF
and UF
PES, PVDF
HF & FS UF

DE, CP

Raw,
coagulated
clarified water
Nat. organic
nanocolloids,
RO
concentrated
NOM
EfOM

Findings b

Water source
Fract. NOM,
model PSh &
protein

4 (Colloids: protein,
aminosugars); 5 (Pore
constriction, blockage and gel
layer)
4 (Relative size of colloidal
NOM and membrane pore); 5

Commentc

Reference

A, B, C, D

(Lee, Amy,
and Croue
2006)

C

(Costa, de
Pinho, and
Elimelech
2006)
(Myrose et al.
2006)

4 (High MW compounds:
protein-like substances)

-

5 (Surface adsorption)
Diffusive and convective
transport mechanisms occurred
through both open pore and
dense polymer matrix
4 (PSh and protein); 5 (foulant
size of 10 -100 nm)

C, D

(Kwon et al.
2006)

A, C, D

(Laabs, Amy,
and Jekel
2006)
(Lozier et al.
2006)

2 (membrane materials); 4 (High C
Nat. surface
MW fraction and PSh, EfOM);
water and
EfOM
2 (membrane material); 4
A, B, C, D
(Kimura et al.
Humic acid
HF, PAN UF, Submerged,
(hydrophilic, PS)
2006)
CP
and
PE, PVDF
concentrated
MF
NOM
PES FS UF
C
(Kennedy et
4 (reversible colloidal;
PES/PVP HF DE, CF,
Nat. Colloid
al. 2007)
irreversible neutral
UF
backwash
and nonamphiphilics)
colloid
a
CA: cellulose acetate, CN: cellulose nitrate, RC: regenerated cellulose; PA: polyamide, PAN: polyamide
nitrile; PES: polyethersulfone, S-PES: sulfonated polyethersulfone; PCTE: Polycarbonate track-etched,
PP: polypropylene; PTFE: polytetrafluoroethylene, PVP: polyvinylpyrrolidone; PVDF: polyvinylidene
fluoride; FS: flat sheet, HF: Hollow fiber; HPO: hydrophobic, HPI: hydrophilic, TPI: transphilic; TFC:
thin film composite.
b
CF: constant flux, CP: constant pressure, Xf: cross-flow, DE: deadend.
c
Numbers and letters refer to lists in the text; EfOM: effluent organic matte, PSh: polysaccharides
DE, CF
backwash
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Table 2.4 Surface analytical methods used in membrane foulant characterization
Method

Working
principles/Applications
Generate topographical
three-dimensional images
Used to investigate pore
structures, quantify
surface pore density, pore
size and porosity.

Findings related to membrane
fouling
Observed surface coverage and
pore blockage as the two
reversible fouling mechanisms
of UF and MF respectively;
Membrane roughness decreased
when fouled

ATRFTIR

FTIR identifies
functional groups by the
summation of IR
absorbance (or
transmittance) of each
species. Subtract FTIR
spectra of clean from the
fouled membrane to find
the foulants absorbed to
the membrane surface

SEM

Identify surface features,
membrane porosity and
change in pore size; used
to obtain surface and
cross-sectional) image of
membranes (which is not
available if used AFM).
Give higher resolution of
surface features down to
unit cell level or < 2 Ao;
can achieve contrast
between cross-sectional
areas of different
chemical structures.

Identified functional groups of
foulants from river water were
found to be hydroxyl functional
group, amine functional groups,
and either C-O bonds or Si-O
bonds. Selective interaction of a
particular constituent in the
surface water to one type of
membrane material but not a
different membrane is possible;
`Major desorbed organic
foulants from NF membranes
were originated from both AOM
and SMP
Observed fouling mechanisms
associated with pore
constriction, pore blockage
and/or surface gel layer.

AFM

TEM

More protein deposition was
observed on PS (hydrophobic)
membrane than on CA
(hydrophilic) membrane.

31

Reference
Costa,
de
Pinho,
and
Elimelech
2006; Laabs,
Amy,
and
Jekel
2006;
Lee et al.
2005
Adham et al.
2006; Rao et
al.
2003;
Kimura et al.
2004;
Lee,
Amy,
and
Croue 2006;
Park et al.
2006

Lee et
2005

al.

Sheldon,
Reed,
and
Hawes 1991;
Freger,
Gilron,
and
Belfer 2002

Table 0.4 Surface analytical methods used in membrane foulant characterization
(cont)
Method
FAB
MS

SIMS

XPS

RBS

Working
principles/Applications
Samples are bombarded
with a high energy beam
of atoms. The mass
spectra of the negatively
charged fragments can be
used in detecting groups
with electronegative
elements such as oxygen
and halide
Surface elemental
composition and isotope
distributions, excellent
elemental sensitivity
based on fragments,
some chemical state
information is possible.
Surface elemental
composition and
chemical state analysis;
chemical shift
information obtainable
with a minimum of
radiation damage, image
obtained by control of
electron optics.
Collect and measure
energy of low mass ions
(e.g. Ba2+, Sr2+, I-) from
the sample; measuring
the energy of scattered
ions
indicates
the
chemical composition of
the samples.

Findings related to membrane
fouling
The
Polypropylene
glycol
entities
responsible
for
interaction with PS membrane
surface are the hydrophobic CH3
and CH2 functions in PPG and
the Ar-C(CH3)2-Ar in structure
of PS

Reference
Fontyn, van 't
Riet,
and
Bijsterbosch
1991a;
Fontyn, van't
Riet,
and
Bijsterbosch
1991b

Used to identify the coating
layer in membrane surface
modification; Combination of
XPS and SIMS can detect more
detailed elemental composition
of pristine membrane surface;

Wei et
2006

Carboxylic functional group was
found to cause fouling of UF
membranes by model PS; XPS
could determine the relative
composition of each fouling
material; organically bound
calcium caused fouling and
could not be desorbed by caustic
cleaning.
Used to quantify positive
(amide) and negative
(carboxylic) functional groups
on RO and NF membrane
surfaces as a function of pH

Schafer, Fane,
and
Waite
1999; Kweon
and
Lawler
2005; Song et
al. 2004
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al.

Coronell et al.
2007, Suzuki
et al. 2007

CHAPTER 3
EXPERIMENTAL METHODS
Overall experimental design
The overall experimental design for this research project included components
for each of several research project tasks or objectives. One major task was the
development of the membrane module and membrane system that can be operated under
similar conditions as used at full-scale plants. For the experiments with model
compounds, selection of a group of representative model compounds was very important.
Results from model compounds dictated the choice of natural water sources which were
tested in phase 3. Other major analytical methods including characterizing natural organic
matter with high performance size exclusion chromatography (HPSEC), dissolved
organic nitrogen measurement using a dialysis system, surface characterization using
field

emission

scanning

electron

microscopy

(FESEM),

X-ray

photoelectron

spectroscopy (XPS), and attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) are described in detail. In addition, brief descriptions of a
variety of other analytical techniques are provided.

Membrane module, testing system and testing protocol
Membrane module
Hollow fiber membranes from two widely used commercial membrane
manufacturers (membranes A and B) with Poly(vinylidene-fluoroethylene) (PVdF) based
material for outside-in operation were utilized. A semi-rigid clear plastic tube (10 inches
(25.4 cm) long and 0.5 in (1.27 cm) diameter) was used as the membrane housing. On
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one end of the tube the gap between the membrane fibers and the membrane housing was
sealed by epoxy; this end serves as the permeate and backwashing side. At the other end,
the fibers were potted/sealed by either injecting epoxy inside the lumen of each fiber or
deadended together. This allows one end of the membrane module to be open for better
removal of solids during backwashing. This potting technique also makes it easier to
sample the hollow fibers for surface analyses. The fiber length varied from 18 to 25 cm
(flow was adjusted accordingly to fiber length to maintain comparable fluxes). 5 fibers
were used for each membrane A module and 8 fibers were used for each membrane B
module to achieve the same fiber density (30%). The fiber density was determined as the
ratio of the total cross sectional area of all the fibers to the cross sectional area of the
module tube. Figure 3.1 is a schematic diagram of the membrane module.
Membrane system
Figure 3.2 is a schematic diagram of the membrane system. The feed water was
pumped directly using a Cole-Palmer gear pump through a coarse strainer with pore size
of 150 µm prior to the membrane module. The permeate was collected in a permeate tank
and the permeate mass was measured with a top loading electronic balance. Constant flux
was maintained by using a positive-displacement pump (Cole-Palmer Master Flex).
Backflush was conducted using a backflushing pump (Cole Palmer gear pump) to pump
the permeate through the permeate port, backflushing water inside out, which is the
reverse flow of the filtration process (outside-in). Backflushing and filtration were
automated through a timer control (Chron Trol XT). Three separate pressure transducers
(Omega, USA) were used to monitor the transmembrane and backwash pressures. The
voltage outputs from the three pressure transducers were recorded to the computer using
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USB data acquisition hardware (Measurement Computing, USA). Two pulse dampeners
(Cole Palmer) were used to reduce the pulsing effects caused by the feed pump. Stainless
steel and hard vacuum rated PVC tubing with diameter 0.125 in (3.175 mm) were used to
connect different components of the membrane system.
Experimental protocol
All experiments were conducted at room temperature (20o C) in vacuum mode,
which is the actual operation mode for the two commercial membranes at full-scale. For
phase 1, developing and validating fouling indices, waters from two water treatment
plants were tested. For the experiment with water treatment plant A, permeate flux was
maintained constant at 40 gallons/square foot/day (GFD) or 68 liters/square meter/hour
(LMH). Backwash was conducted every 30 minutes for 1 minute using permeate at a
flowrate equaling 3 times the filtration flowrate.
For the experiment with water treatment plant B, all operating conditions were
kept the same as the actual full-scale conditions at the time of collection of water sample
for bench-scale testing. Flux was maintained constant at 21 GFD (36 LMH). Backwash
was conducted every 15 minutes for 30 seconds at 25 GFD. Also note that although
bench-scale operating conditions were kept similar to full-scale condition for the duration
of the test, the actual full-scale permeate flux and BW flowrate changed over time due to
water demand fluctuation and membrane performance.
For all the experiments in phases 2 and 3, flux was kept constant at 30 GFD or 51
LMH. Hydraulic backwash was conducted every 30 minutes (29 minute filtration and one
minute backwashing). Backflushing was conducted with permeate at 3 times the filtration
flowrate (90 GFD or 153 LMH). No air scouring was conducted. Chemical cleaning (CC)
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was conducted periodically at room temperature. Chemical cleaning involved 20 minute
backflushing with 100 ppm chlorine solution (pH 9.9) and 20 minutes backflushing with
deionized (DI) water. For the test with model compounds, chemical cleaning was
conducted approximately every 8 hours. For the tests with natural waters, chemical
cleaning was conducted daily. Model compound experiments lasted for 32 hours (four 8hour cycles). Experiments with natural waters lasted for 3 to 7 days. Table 3.1
summarizes all the testing conditions.
For phase three, ANOVA tests were conducted to investigate the impact of water
sources and membrane types on the fouling indices using SAS 6.12 at 95% confidence
level. Two factorial design 2 x 3 (2 membrane types, 3 water sources) resulted in 6
treatments with equal sample sizes (4 TFI values of 4 initial HBW cycles, 3 HIFI values,
and 1 CIFI value for each treatment). Multiple pair-wise comparisons were conducted
using the Tukey method.

Model compounds selection
One of the major differences of this research project compared to previous
membrane fouling studies using model compounds is the selection of a variety of model
compounds that simulate natural waters, are highly reactive, and/or have been identified
as potential membrane foulants. International Humic Substance Society Suwannee River
humic acid (SRHA) Standard II (2S101H,) was chosen as the “model” humic substances.
SRHA was chosen as it closely represents natural humic substances, and its elementary
content as well as characteristics are well studied. Studies with IHSS SRHA have been
widely reported in the literature, especially in membrane fouling studies, however, mostly
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at constant pressure conditions for both high pressure membranes (Schafer, Fane, and
Waite 1999) and low pressure membranes (Yuan and Zydney 1999, Yuan and Zydney
2000, Jermann et al. 2007, Jermann et al. 2008). Yuan and Zydney (1999) and Jermann et
al. (2007) reported a gradual, linear-like reduction of flux with time at constant pressure
operating mode with SRHA and low pressure flatsheet membranes.
A combination of several organic nitrogen compounds was used to enrich the
organic nitrogen content of the model waters. Model organic nitrogens were chosen
based on natural abundance and reactivity. Due to practical limits of the study of organic
nitrogen compounds, the reactivity was chosen based on reactivity with chlorine (which
represents an electrophile) as well as the formation of chlorination by products (DBPs).
The model mixture consists of an amino acid (aspartic acid, AA), a hyterocyclic nitrogen
compound (uracil), a structural amino sugar (N-Acetylneuraminic, N-Ace), and a model
protein (bovine serum albumin, BSA). Although BSA has been studied and reported in
the literature before, the impacts of other nitrogen compounds on membrane fouling have
not been reported in the literature. Studies with bovine serum albumin on flat sheet
membranes suggested that membrane fouling by BSA could be divided into different
phases with different fouling rates, and the majority of fouling was reversible by
hydraulic backwash (Ghosh 2001; Ho and Zydney 2002; Kanani, Sun, and Ghosh 2008;
Sun, Kanani, and Ghosh 2008; Loh et al. 2009). Table 3.2 presents the main properties of
the model compounds utilized in this study as well as a literature review of their impacts
on membrane fouling.
The total DOC of the model solutions (humic acid, model nitrogen compounds)
was 3 mg C/L. The model nitrogen compounds were added based on different DON/DOC
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mass ratios (1/30, 1/14, 1/5 and 1/3) for the 4 different model waters. IHSS Suwannee
river humic acid (SRHA) alone had a DON/DOC ratio of 1/30. The mixture of model
nitrogen compounds (without IHSS SRHA) had a DON/DOC of 1/3. With the addition of
model nitrogen compounds, the individual compound concentration was determined such
that the DOC was 3 mg/L at the desired DON/DOC ratios. The concentrations of each
individual compound are provided in Table 3.3. Salt solutions were prepared from
sodium chloride to maintain an ionic strength of 0.001 M. Solution pH was adjusted to
within 0.05 pH units using 0.1 M NaOH, giving a solution pH of 7.

NOM characterization and other analytical methods
Multiple feed, permeate and backwash samples were collected for NOM
characterization using high performance size exclusion chromatography (HPSEC). A
Waters 2690 HPLC was coupled with a size exclusion chromatography column
(BioBasic SEC 60, Thermo Scientific) of size 300 mm x 7.8 mm with a 5 µm particle
size. The column has porous silica based particles coated with a hydrophilic polymer. A
photo diode array (PDA) detector was used to measure ultraviolet (UV) absorbance for a
scan from 190 nm to 400 nm wavelength. Potassium phosphate monobasic (KH2PO4)
was used as the eluent. The ionic strength and pH of the eluent were 0.1 M and 7
respectively. Polystyrene sulfonates (PSS) (Sigma-Aldrich) with molecular weights of
210 Dalton (Da); 4,300 Da; 13,000 Da; 32,000 Da; and 77,000 Da were used as
standards. Flowrate was maintained at 1 milliliter/minute (mL/min) and the injection
volume was 200 microliter (µL). The UV absorbance ratio index (URI = UV210/UV254)
was used as an indicator to identify whether the NOM was enriched with humic-like
material or protein-like material. Details on the use of URI for NOM characterization
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have been reported in Her et al. (2008). However, the meaning of URI changes with the
HPSEC system (column, eluent types and conditions, flowrate, inection volume, etc.).
Thus use of URI values in NOM characterization was independently validated through
testing different model compounds (humic substances, humic acid, different model
proteins and amino acids). Appendix A presents the detailed information. A low URI
value (2 to 3) suggests the the NOM is enriched with humic-like materials. A high URI
value (50) suggests the NOM is protein-like materials. An intermediate URI value (15 to
20) possibly suggests the presence of both humic-like and protein-like materials but
enriched with protein-like materials (protein-enriched materials).
Turbidity, UV absorbance, TOC, total nitrogen (TN) and dissolved organic
nitrogen (DON) were monitored. Turbidity was measured using a Hach 2100
Turbidimeter. UV absorbance was measured at 254 nm wavelength on grab samples
using a Thermo Spectronic Genesis 10 UV (Thermo Scientific, USA). TOC and TN were
measured using a Shimadzu TOC-VCPH-TNM-1 analyzer. Two methods to measure
dissolved organic nitrogen were used. Inorganic nitrogen species (NO2-, NO3- and NH4+)
were measured using a Metrrohm 850 Professional ion chromatograph. DON was
determined by subtracting total inorganic nitrogen from TN. The other DON
measurement method involved the use of a dialysis membrane (100 Dalton molecular
weight cut off) for inorganic nitrogen removal as described by Lee and Westerhoff
(2005). Cellulose acetate dialysis bags (Spectrum Laboratories) with 24 mm flatwidth,
cut into 20 cm long segments were used to dialyze 25 mL samples. DI was continuously
circulated through the dialysis reservoir at a flowrate of 100 mL/min for 5 continuous
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days before samples were collected for analysis. The nitrogen in the dialysis bag was
DON and was directly measured by the Shimadzu TOC-VCPH-TNM-1 analyzer.

Surface characterization methods
At least three different segments along the length of each fouled, hydraulically
washed, and chemically washed hollow fiber were collected at the end of an experiment.
After the fiber sample collection, the fibers were resealed and the experiment was
resumed. Prior to surface analyses, membrane fiber samples were air dried until constant
mass. Micro and nano images were observed using a JEOL ultra high resolution Field
Emission Scanning Electron Microscope (FESEM) with a single tungsten crystal electron
gun. Secondary electron imaging (SEI) mode was used with 5 kV and 10kV accelerating
voltage at different magnifications to observe the morphology of clean and fouled
membranes. The surface of the fiber was coated with gold for 60 seconds prior to surface
observation with SEM.
Elemental compositions of the clean, hydraulically cleaned, and chemically
cleaned membranes were determined by XPS using a Physical Electronics Inc., 5000
Series spectrophotometer. All spectra were obtained at 45o takeoff angle over a binding
energy scan of 0 to 1100 eV. The scan area was 250 x 250 µm at a penetration depth of
approximately 25 to 30 Ao. At least 6 repeat analyses were obtained for each sample.
Survey spectra were first obtained. Detailed spectra were obtained for any element
having more than 1 percent composition. The atomic concentration obtained from the
experiment was determined as the area under the peak for each element.
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An attenuated total reflection – Perkin Elmer Fourier transform infrared
spectrometer (Spectrum 2000) was used to obtain IR spectra of clean and fouled
membrane samples. The sample size was 0.8 to 3.2 millimeter square depending on fiber
type. The fiber sample was pressed against each side of a zinc selenide internal reflection
element. A series of 32 scans were collected. The spectra reported have been normalized
by subtracting the bare zinc selenide background spectrum.
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Figure 3.1 Membrane module
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Table 3.1 Membrane system testing conditions
Phase

Experiment

1

Utility A

Flux
(GFD/
LMH)
40/68

Utility B – 21/36
Bench
scale

Utility B – 21/36
Full scale
or
lower
by
demand

2

Model
30/51
compounds

3

Natural
water
sources

30/51

Backwash
conditions
Every
30
minutes for 1
minute at 120
GFD
(204
MLH)
with
permeate
Every
15
minutes for 30
seconds at 25
GFD
(42
LMH)
with
permeate
Every 15 min.
for 30 sec.
with air &
permeate at
25 to 42 GFD
(42 to 72
LMH)
Every
30
minutes for 1
minute at 90
GFD
(153
MLH)
with
permeate
Same as in
phase 2
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Chemical cleaning
conditions
None conducted

Length

Membrane

7
hours

A

Every 24 hours for 20 4 days
minutes with 10 ppm
NaOCl, and 20 minutes
with DI waters at room
temperature (20oC)

A

CC: 20 min with 10 ppm Data
A
NaOCl; CIP every 1.5 collect
month or at TMP of -9 psi
ed for
1 year

Every 8 hours for 20 32
minutes with 100 ppm hours
NaOCl, and 20 minutes
with DI waters at room
temperature (20oC)

A

Every 24 hours for 20 3 to 7 A & B
minutes with 100 ppm days
NaOCl, and 20 minutes
with DI waters at room
temperature (20oC)

Table 3.2 Model compound properties and literature review
Com- MW pKa/ N/C Environmental
pI
relevance
pound
Asp. 131 pKa 0.27 Prominent in
Acid
9.9
surface water (Bull
et al. 2006)

Chlorine reactivity/Properties and Significance
in membrane fouling
Acidic proton at C3, readily to be substituted by an
electrophile. NH2 serves as an activating group
accelerating the reaction;
None reported on its impact on membrane fouling.
High chlorine demand and form high TOX and non
–TOX compounds (Bull et al. 2006);
None reported on its impact on membrane fouling.

Uracil 112 pKa 0.58 Representative of
9.4
hyterocyclic
nitrogen
compounds
N-Ace 309. pKa 0.11 Major component Not very reactivity with Cl- (Bull et al. 2006);
28 2.6
of NOM, especially None reported on its impact on membrane fouling
in colloidal and
hydrophilic
fractions (Bull et al.
2006)
BSA 66k pI 0.35b Most studied
Ellipsoidal in shape (14 x 4 mm), hydrophilic &
4.7
proteins in literature soluble in aqueous media (Peters, 1975);
Significant flux decline due to BSA adsorption to
membrane pores at constant pressure (Bowen et al.
2003, Teng et al. 2006);
Divided fouling phases with different fouling rates,
with the majority of fouling was reversible by
hydraulic backwash at constant flux with flatsheet
membranes (Ghosh 2001; Sun, Kanani, and Ghosh
2008; Loh et al. 2009); Moderate to high rejection
of BSA due to deposition of monomer on initial
BSA aggregates (Bowen et al. 2003; Sun et al.
2008); Affinity of foulant to membrane is in the
order: Aldrich HA>BSA>dextran at constant flux
with PVdF flatsheet membrane (Xiao et al. 2009)
IHSS 10Random coil structure with an electric charge;
0.03b One of the two
Suwan 100k
main fractions of repulsion and expansion of the coil with varying pH
nee
NOM, also the
and I (Bowen et al. 2003, Jones and O’Melia 2000);
River
fouling-causing
Wide MW distribution from 2000 to 80,000 with
Humic
fractions (Jermann peak at 25,000a
acid
et al, 2007)
Gradual, linear-like reduction of flux with time at
Stardar
constant pressure operating mode with SRHA and
d II
flatsheet membranes (Yuan and Zydney 1999;
Jermann et al. 2007).
a

Determined by high performance liquid chromatography (Waters HPLC 2690) with size exclusion
chromatography column (Thermo Fisher Biobasic 60) with photo diode array detector (Waters PDA );
b
Determined using Shimadzu TOC-TN analyzer of liquid samples.
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Table 3.3 Mass of added model compounds
Model
Solution

Composition

DON/
DOC

A
B
C
D

IHSS humic acid
IHSS humic acid + Org. N
IHSS humic acid + Org. N
Organic Nitrogen compound

1/30
1/14
1/5
1/3
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Concentration of individual compounds
(mg/L)
SRHA Asp. A Uracil
BSA N-Ace
7
0
0
0
0
5.4
0.3
0.2
0.4
0.2
2.7
1.3
0.7
2
0.7
0
9.3
4.8
12
4.3

CHAPTER 4
FEED WATER CHARACTERISTICS AND MEMBRANE PROPERTIES
This chapter presents characteristics of the natural waters used as membrane feed
water for phase 1 and 3 testing as well as properties of the membranes used throughout
the research project.

Feed water characteristics
For phase 1, two water sources from water treatment plants A and B were
collected and tested. Both raw and coagulated waters from water treatment plant A were
tested. Water treatment plant A used dual-media filtration of polymer coagulated water.
This water was colored (30 to 40 color unit, CU) with moderate TOC (3.5 mg/L).
Water treatment plant B used the same membrane utilized for the bench-scale test.
The membrane feed water was coagulated with alum and mixed with backwash water
(90%-10%, respectively). This water had moderate TOC levels (3.8 mg/L and 4.9 mg/L
for the raw and membrane feed water respectively).
For phase 3, three different natural water sources were collected and tested. For
the work in phase 3, more detailed analyses of water sources and natural organic matter
including measurement of DON and NOM characterization by HPSEC were conducted.
Table 4.1 summarizes water quality for the three water sources used in this study.
Quabbin reservoir water (QRW) is representative of a oligotrophic water source.
It has low levels of TOC (2 mg/L), turbidity, TN, and UV absorbance. Organic nitrogen
was 74% of the total nitrogen in QRW. Based on HPSEC analyses, the natural organic
matter (NOM) has a broad molecular weight (MW) distribution, ranging from 600 to
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13,000 Daltons (Da) with three clear separate peaks including 700 Da humic-like
material, 4000 Da protein-enriched material, and 11,000 Da humic-like material.
Blackstone River water (BSRW) is representative of a water source impaired by
wastewater discharge. Blackstone River receives discharge from two wastewater
treatment plants. The water sample collected for the membrane test was just downstream
of one wastewater treatment plant. BSRW had high level of TN and TOC. Most of the
total nitrogen in the BSRW was inorganic nitrogen (DON/TN = 0.07). The NOM in the
BSRW had a broad MW distribution, mainly 18,000-21,000 Da humic-like material,
6500-6900 Da humic-like material, and 3500-3900 Da and 2500-2900 Da proteinenriched materials.
Forge Pond water (FPW) has high levels of TOC, UV absorbance, and color.
Most of the TN in FPW was organic nitrogen (DON/TN = 0.85). The pond has heavy
algal blooms for approximately 4 months of the year from mid summer to mid fall. The
NOM has a broad MW distribution with two clear separate MW ranges: peaks at 71,000
Da humic-like material and 10,000 Da protein enriched material.
The three water sources were normalized to the same TOC level (2 mg C/L) by
diluting with DI water before any membrane experiment. The three diluted waters also
have statistically similar DON/DOC ratios. Figure 4.1 presents the NOM MW
distribution determined by HPSEC of Forge pond water and diluted Forge pond water.
Although the magnitudes of UV adsorbance were different, the NOM MW distribution
remained the same with dilution. The same scenario occurred for the BSRW. The QRW
had a TOC level of approximately 2 mg C/L so was tested directly without any dilution.
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Membrane properties
Two commercial membranes, named membrane A and B were utilized for the
research project. The membrane characteristics are presented in Table 4.2. While
membrane A was utilized throughout the research project, membrane B was used only in
phase 3 to compare the impact of different membrane types on membrane fouling. Both
membranes are hollow fiber, outside in and have PVdF based material.
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Elution Time (minutes)
UV absorbance at 254 nm

6.55
0.05

8.55

10.55

12.55

14.55
Membrane feed
Forge pond

0.04
0.03
0.02
0.01
0
1000000

100000

10000

1000

100

MW (Daltons)
Figure 4.1 NOM MW distribution of Forge Pond and diluted Forge Pond water

Table 4.1 Summary of water quality
Water
quality

TOC
(mg/L)
UVA254
(cm-1)
SUVA
(L/mg-m)
TN
DON
DON/DOC
pH
Turbidity
(NTU)

Phase 1
Plant A

Plant B

Raw

Coag.

Raw

3.5

-

0.07

Quabbin
Reservoir

Phase 3
Forge Pond

3.8

Mem.
Feed
4.9

2.1

0.077

0.13

0.09

0.031

2

1.71

3.4

1.58

1.48

4.6

6.15

6.15
0.24

5.58
2.17

0.265
6.14
0.35

0.339
6.63
1.58

0.23
0.116
0.056
6.8
0.32

0.66
0.36
0.04
6.4
1.45
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As is
8.8

Mem.
Feed
1.94

0.407 0.117

Blackstone
River
As is Mem.
Feed
5.72
2.2
0.11

0.052

1.92

2.36

0.13 2.96
0.11 0.187
0.057 0.032
6.6
6.8
0.53
4.1

1.71
0.115
0.052
6.8
0.28

Table 4.2 Membrane properties
Properties
Membrane type
Outside/inside diameter (mm)
Flow pattern
Material
Pore As reported by manufacturer
size As determined by FESEM
Research phase utilized

Membrane A
Hollow fiber
1.9/0.8
Outside-in
PVdF
0.04 µm
0.02 µm
1, 2 and 3
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Membrane B
Hollow fiber
1.0/0.56
Outside-in
PVdF
0.03
0.05
3

CHAPTER 5
USE OF FOULING INDICES FOR LP MEMBRANE PERFORMANCE
ASSESSMENT
This chapter presents the development of fouling indices for LP membrane
performance assessment and the use of the developed fouling indices to describe
membrane fouling for waters from two water treatment plants (A and B). Full-scale data
from Utility B that utilized the same membrane at full-scale as used in the bench-scale
tests were compared to validate the use of the fouling indices.

Development of fouling indices
Fouling indices can be quantified using a membrane fouling resistance in series
model. In general, the pressure driven water flux (J, flow per unit area) though a low
pressure membrane (osmotic pressure is ignored) is described as in equation (1):
J=

∆P TMP
=
µK
µK

(1)

Where ∆P or TMP is the transmembrane pressure, K is the resistance to flow
through the membrane, and µ is the water viscosity.
Let K be the total of several possible resistances in series. At any time during
operation, K is the sum of the resistance of the clean membrane (Kmem), resistance due to
a cake formed on the membrane (Kcake), resistance due to irreversible fouling (not
recoverable by hydraulic backwashing) (KHIFI), and resistance due to irreversible fouling
not recoverable by chemical cleaning (KCIFI), as summarized in equation (2):
K = Kmem + Kcake + KHIFI + KCIFI
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2)
If we assume that the resistance in addition to the clean membrane resistance
increases linearly with the volume of permeate produced, then Ki = kiV, where ki is the
rate of increase in resistance, and V is specific permeate volume (L3/L2, or volume/area).
Thus the total resistance can be written as:
K = Kmem + (kHR + kHI + kCI)V = Kmem + ktotalV
3)
Where kHR, kHI, kCI are rates of increase in resistance due to hydraulic reversible,
hydraulic irreversible, and chemical irreversible fouling, respectively. Combining (1) and
(3) yields,
J
1
=
∆P µ ( K mem + k total V )

(4)

Equation 4 can be normalized by the initial (clean membrane) conditions by
dividing by (

J
1
)o =
to yield,
∆P
µK mem

Js ' =

k
1
1
or
= 1 + ( total )V
k
Js '
K mem
1 + total V
K mem

(5)

Membrane performance data for different operational cycles and cleaning
procedures can be used to observe and possibly quantify various fouling indices: the total
fouling index (TFI), the hydraulic irreversible fouling index (HIFI), and the chemical
irreversible fouling index (CIFI). The indices have units of inverse length and can be
described as follows. For any single cycle between hydraulic backwashes, referred to as
one hydraulic backwash cycle (HBW cycle), the total fouling index (TFI) can be related
to the normalized specific flux and the specific permeate volume as:
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1
= 1 + (TFI )V
Js '

(6)

For multiple HBW cycles without any chemical cleaning, which is referred to as
one chemical cleaning cycle (CC cycle), the hydraulic irreversible fouling index (HIFI)
can similarly be related to J’s and V as:
1
= 1 + ( HIFI )V
Js '

(7)

All data, or average values for a CC cycle, can be used to determine the chemical
irreversible fouling index (CIFI); i.e., the CIFI was determined based on data from one
complete multiple CC cycle experiment:
1
= 1 + (CIFI )V
Js '

(8)

The total fouling index is the sum of all the indices, TFI = HRFI + HIFI + CIFI
(HRFI is the fouling reversible by hydraulic backwash). If the rate of increase in
resistance is linear with V, i.e., a plot of (1/Js’) versus (V) data is linear, then the fouling
indices can be quantified using linear regression. However, the rate of resistance increase
might be a non-linear function of V, which means that fouling does not depend linearly
on the specific throughput through the membrane. In that case, the fouling indices can be
determined based on the 2-point method; i.e., instead of using all performance data, the
first and the last points can be used to determine the average rate of increase in resistance.
For the TFI, the averages of the first and the last few data points within one hydraulic
backwash cycle (using averages of the first and last few data points reduces the impact of
noisy data) were used. In this study, averages of the 10 first and 10 last data points
(approximately 2.5 minutes of membrane operation) were used to determine the TFI. For
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the HIFI, the average points of the first and last HBW cycles were used. For the CIFI, the
average results for the first and last chemical clean cycles were used. Figure 5.1 presents
a schematic illustration of membrane operation and how data from each cycle are used to
determine a fouling index value.

Fouling indices tested with natural waters from water treatment plants
Utility A
Samples from Utility A included both raw and coagulated (polymer) waters.
Significant fouling occurred for both types of feed waters. Over the duration of the
experiment (400 L/m2 or 7 hours), the specific flux decreased from 8 to 4 LMH/kPa for
the raw water and from 6 to 4 LMH/kPa for the coagulated water (Figure 5.2).
The data within one hydraulic backwash cycle were used to determine the TFI
using the 2-point method. Table 5.1 presents the TFI values for each hydraulic BW cycle
for the raw and coagulated waters. There were significant variations of TFI values
between the hydraulic BW cycles, presumably due to variable effectiveness of hydraulic
backwash. Although the specific flux loss for the raw water was much higher than that of
the coagulated water, the raw water and coagulated average TFI values were comparable.
This suggests that although coagulated water might cause temporarily high reversible
fouling, coagulation might reduce irreversible fouling.
Figure 5.3 presents the fouling data and the hydraulic irreversible fouling index
for the raw and coagulated waters. Using all data (Figure 5.3A) or average values for
each hydraulic backwash cycle (Figure 5.3B resulted in similar HIFI values. The
coagulated water had much lower HIFI than the raw water (0.0009 m2/L for the
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coagulated water versus 0.0023 m2/L for the raw), suggesting that coagulation reduced
hydraulic irreversible fouling. For the raw water, only 41% of the total fouling could be
reversed by hydraulic backwash, versus 69% for the coagulated water. Hydraulic
irreversible fouling was relatively high for water samples from Utility A.

Bench-scale results for water from Utility B.
Figure 5.4 presents specific flux versus specific volume data for bench-scale
experiments using membrane feed water collected from Utility B. The missing data in the
middle of each chemical cleaning cycle resulted when the online data logger failed during
the run at night. The specific flux loss for one chemical cleaning cycle (1 day) was quite
significant (approximately 3 LMH/kPa for each chemical cleaning cycle). Chemical
cleaning after each daily run was relatively effective in reversing the specific flux loss.
TFI values were determined using the 2-point method. Similar to utility A, TFI
value variations were quite significant between HBW cycles with an average value of
255 x 10-4 m2/L. Figure 5.5 presents performance data and values for the hydraulic
irreversible fouling indices (HIFI). Similar to Utility A, linear regression of all data
points or use of average values for each HBW cycle resulted in similar HIFI values. The
error bars in Figure 5.5 (on the right) represent the 95% confidence intervals. The HIFI
values for each chemical cleaning cycle varied quite significantly, presumably due to
variable effectiveness of the chemical cleaning. Although the chemical cleaning
procedure was kept constant, variations in HIFI occurred for unknown reasons. The same
scenario occurred for the full-scale plant (presented in the next section).
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Figure 5.6 presents the performance data used to determine the chemical fouling
index value. The error bars show the 95% confidence interval for the data. Each data
point is the average value for one chemical cleaning cycle. Using data from all 4
chemical cleaning cycles resulted in a poor linear relation between 1/J’s and specific
volume (R2 = 0.46). Thus, the 2-point method was used to determine the chemical
irreversible fouling index. CIFI2-point and CIFIall-data values are comparable (CIFI2-point =
1.17 CIFIall-data).

Full-scale membrane performance for Utility B.
To validate the use of fouling indices in describing membrane performance, fullscale data from Utility B (that utilized the same membrane and water source as used in
the bench-scale experiments) were analyzed for comparison to the bench-scale results;
data for a 1 year period were obtained. Bench-scale and full-scale data comparisons were
made for the first 4 days in July 2008 immediately after a chemical clean in place (CIP)
when water samples were collected and tested using the bench-scale system, and for the
entire year from July 2008 to June 2009.
Figure 5.7 presents the membrane permeability (specific flux) corrected to 20oC
for one membrane cassette at the full-scale Utility B. Chemical clean in place (CIP)
occurred between groups of data (every 1.5 months or at -9 psi TMP, refered as one CIP
cycle). The permeability at the full-scale plant was much lower than at bench-scale. The
differences between membrane permeability might be due to variations in the membrane
fibers, changes in water quality, and/or scale-up. Each data point represents one hydraulic
backwash cycle (data were recorded every 16 minutes). The permeability decrease over
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time was quite significant even with hydraulic backwash and chemical cleaning. The
permeability loss was most significant at the beginning of the run (after CIP). For CIP
cycles starting in July, August, and September 2008, the daily chemical cleaning did not
have any significant impact in reversing membrane fouling. For other CIP cycles, daily
chemical cleaning recovered some fraction of the permeability loss. For some time during
the run, permeability was observed to increase (even without any chemical cleaning). The
reasons might be due to changes in water quality, change in the effectiveness of hydraulic
backwash, and/or change in membrane flux (flux changed daily and seasonally according
to water supply demand). Chemical clean in place (CIP) was quite effective in recovering
the permeability loss.
TFI values were determined using the 2-point method. TFI values varied
significantly between hydraulic backwash cycles. Hydraulic backwash could be
“effective”, i.e., resulting in a lower resistance after hydraulic BW, or “ineffective”,
resulting in higher resistance after hydraulic backwash than prior to hydraulic backwash
(negative values of TFI). Excluding the “ineffective” hydraulic backwash cycles, TFI
values ranged from to 0.0000614 to 0.00889 m2/L (averaging 0.0031 m2/L) for the first 4
days in July 2008, and ranged from 2.69 x 10-7 to 0.064 m2/L, averaging 0.0051 m2/L for
the whole year. While the high values of full-scale TFI are of the same magnitude to
those of the bench-scale (TFIbench-scale varied from 0.0216 to 0.0398 m2/L), the TFI values
at full-scale were in general significantly lower than those at bench-scale. One of the
main reasons is likely to be the impact of air scouring on the effectiveness of hydraulic
backwash at full-scale, which was not conducted at bench-scale.
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Figure 5.8 presents the fouling data and CIFI for all 12 CIP cycles from July 2008
to June 2009. As the linear relation between resistance 1/Js’ and specific volume V was
very good, all data points were utilized to determine the CIFI instead of using average
values for each chemical cleaning cycle as at bench-scale. Similar to the TFI and HIFI
results, the CIFI values varied significantly for the first 7 CIP cycles which lasted for 7
months. After January 2009, membrane performance seemed to reach a steady state with
CIFI values averaging 2.1 x 10-4 m2/L, which is very comparable to the CIFI value at
bench-scale. The linearity between the inverse membrane specific flux and specific
volume was excellent for all CIP cycles, suggesting that the resistance in series approach
could be used to describe chemical irreversible fouling.
Figure 5.9 presents the normalized inverse specific flux versus the specific
volume for the whole year. Each data point is the average value for one CIP cycle.
Applying the linear resistance in series approach, a chemical clean in place fouling index
(CIPFI) could be determined as a measure of the effectiveness of chemical clean in place
in reversing membrane fouling. The CIPFI was quite low (almost 0), suggesting that
chemical clean in place was very effective in reversing membrane fouling.
Table 5.2 summarizes the total, hydraulic irreversible, and chemical irreversible
fouling indices by month for the whole year of operation. The TFI, HIFI, and CIFI values
varied significantly in each monthly cycle. The TFI varied from 33 to 63 x 10-4 m2/L; the
HIFI varied from 0.9 to 4.5 x 10-4 m2/L; while the CIFI varied from 0.5 to 2.3 x 10-4
m2/L. The HIFI was much lower than the TFI indicating that hydraulic backwash was
effective in reversing fouling. The CIFI was approximately 50% of the HIFI, suggesting
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that daily chemical cleaning was relatively effective in reversing the hydraulic
irreversible membrane fouling.
Table 5.3 compares the average values of permeability and fouling indices for the
bench-scale and full-scale systems. Comparisons were made for the first 4 days in the
month of July 2008 immediately after a CIP when water samples were collected and
tested at bench-scale, and for the whole year. In general, bench-scale permeability and
fouling indices were higher than those at full-scale. For the first 4 days of July 2008, the
TFI, HIFI and CIFI for the bench-scale system were approximately 8, 7, and 6 times
higher than those of the full-scale plant, respectively. If the whole year is taken into
consideration, the TFI and HIFI for the bench-scale were 5 times higher than those of the
full-scale, while the CIFI was 2 times higher than that of the full-scale. The steady state
CIFI values (CIFI of the last 4 months) were more comparable to the CIFI at bench-scale
(2.1 x 10-4 m2/L for the full-scale versus 2.5 x 10-4 m2/L for the bench-scale system).
However, fouling index ratios (HIFI/TFI, CIFI/HIFI, CIFI/TFI) for the bench-scale data
and for the full-scale data for the first 4 days in July were very similar, suggesting that the
nature of the fouling at bench and full-scales was similar. When comparing the whole
year full-scale data with the bench-scale, the HIFI/TFI ratios for the two systems were
similar, while the full-scale had higher HIFI/CIFI and CIFI/TFI ratios than the benchscale. These differences are expected due to changes in water quality and the permeate
flux fluctuation by demand and should not be attributed to drawbacks of the bench-scale
testing system or the FI approach. These results suggest that testing at bench-scale system
could be used to describe different aspects of membrane fouling and assess membrane
performance at the full-scale.
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Comparisons with fouling index work in the literature.
Compared to published work on fouling indices for LP membranes (Huang,
Young, and Jacangelo 2008; Lozier et al. 2008; Huang, Young, and Jacangelo 2009), this
study shared some common results but also reported new findings. The fouling data from
this study were interpreted independently from fouling mechanisms and fouling indices
were developed based on a resistance in series model (versus a cake filtration model in
previous studies). Although the concepts for developing the fouling indices were
different, both methods led to similar mathematical expressions. The TFI and HIFI values
of the current work are very comparable to other fouling index values reported in the
literature. Differences and new results reported in this study are longer test duration as
well as the direct comparison with the full-scale data. Bench-scale fouling tests were
conducted at much longer duration (7 hours to 4 days) to account for longer term
membrane performance and allowed for multiple chemical cleaning cycles; i.e., a
chemical irreversible fouling index could be determined. Direct comparison with data
from the full-scale utility that utilized the same membrane feed water and membrane type
confirms the possible use of fouling indices determined at bench-scale to describe
different aspects of membrane fouling as well as assess membrane performance at the
full-scale. Table 5.4 summarizes the main comparisons with other fouling index studies
in the literature.

Some practical notes from the use of fouling indices.
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Working backwards from the general equation for determining the fouling
indices:
1
= 1 + ( FI )V
Js '

or

J
J / TMP0 TMPs
1
= s0 = 0
=
Js ' Js
J / TMPs
TMP0

(9)

(10)

Where J0 is the flux for filtering DI water, which equals J, the flux for filtering
treated water; TMP0 is the transmembrane pressure needed to obtain flux J0 and TMPs is
the transmembrane pressure needed to obtain flux Js. Combining equations 9 and 10
yields:
TMPs
= 1 + ( FI )V or TMPs = TMP0+ (FI) x V x TMP0
TMP0

(11)

In other words, the operating transmembrane pressure is the sum of the initial
transmembrane pressure for the clean membrane and the pressure needed to overcome
membrane fouling after a certain filtration volume, V. Equation 11 resembles the head
loss equation in granular media filtration:
Total head loss ∆H = Initial ∆H (∆H0) + ∆H due to deposited particles
Knowing the initial TMP0 and the fouling index, the pressure needed to filter a
water can be calculated. Assessment and reporting of standard, non-proprietary, fouling
index values should aid in increasing the body of knowledge concerning fouling of low
pressure membranes in drinking water treatment, akin to the century (or more) body of
data for media filtration performance that is shared based on a few operating variables
(loading rate, filter run length, head loss, etc.).
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Summary of the use of fouling indices
In general, fouling indices developed based on the resistance in series approach
were useful tools to describe membrane fouling. Fouling was proportional to throughput
for both raw and pretreated water and at different flux rates; thus different fouling indices
were determined to describe different aspects of fouling. For highly variable TMP data, a
common occurrence at short time scale, it is best to use average values to determine
fouling index values. For total fouling index values, the two-point method (the difference
in TMP from start to end of one cycle prior to hydraulic BW) should be used for highly
noisy data. To reduce the impact of noisy data, average values for the first and last few
data points should be used instead of the first and last single data points (10 first and last
data points were used in this research project). Pretreatment (coagulation) reduced
hydraulic irreversible fouling (Utility A). The values of the total fouling indices were
much higher than those of hydraulically and chemically irreversible fouling indices,
indicating that most fouling was reversed by hydraulic and chemical cleaning. With
Utility B, specific flux and fouling indices for the bench-scale system were higher than
those determined from the full-scale system data (ranging from 2 to 8 times the full-scale
fouling indices). However, the steady state CIFI values (CIFI of the last 4 months) were
more comparable to the CIFI at bench-scale (2.1 x 10-4 m2/L for the full-scale versus 2.5
x 10-4 m2/L for the bench-scale system). In addition, the fouling index ratios (HIFI/TFI,
CIFI/HIFI, and CIFI/TFI) of the bench-scale and the full-scale data during the period
when water samples were collected and tested at bench-scale were very similar,
suggesting a similar fouling nature at the bench and full-scale. The differences in
HIFI/CIFI and CIFI/TFI ratios of the bench-scale and one year long operation of the full-
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scale system were expected due to changes in water quality and permeate flux fluctuation
due to demand and should not be attributed to drawbacks of the bench-scale system
testing or FI test. These results suggest that testing at bench-scale system could be
potentially used for membrane selection screening. Considering data from the next two
phases, fouling indices determined from the resistance series model approach were more
applicable for natural waters than for model waters. In addition, a few hours of initial
testing is not a good indicator of longer term membrane performance. At least few days
of testing is recommended for longer-term membrane performance assessment.
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Figure 5.1 Operating cycle and fouling index determination: A- Operating cycle
illustration; B- FI calculation using linear regression; C- FI calculation using 2point method
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Figure 5.2 Specific flux versus throughput of raw and coagulated water – Utility A
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each HBW cycle
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Figure 5.6 Fouling data and chemically irreversible fouling index-Utility B bench
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Figure 5.7 One-year long permeability for one membrane cassette from Utility B –
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Figure 5.8 Full-scale fouling data and CIFI for 1 year
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Table 5.1 Total Fouling Index of raw and coagulated water – Utility A
Total fouling index (TFI) x 10-4 (m2/L)
Water
TFI1

TFI2

TFI3

TFI4

TFI5

TFI6

TFI7

TFI8

Average

Raw

29.49

40.67

54.99

4.74

51.27

46.21

23.11

60.08

38.82

Coagulated

34.80

39.41

24.19

47.12

23.36

32.15

9.51

29.83

30.05

Table 5.2 Summary for FI of each month – Full-scale Utillity B
Type
of FI
TFI
HIFI
CIFI
HIFI/
TFI
CIFI/
HIFI
CIFI/
TFI

July
55.4
0.91
0.48
0.02

Aug.
55.8
1.7
1.16
0.03

Sep.
56.4
1.31
0.62
0.02

Fouling Index x 10-4 (m2/L)
Oct. Nov. Dec. Jan.
Feb.
33.1 37.2 77.0 57.4 63.0
2.52 3.43 3.5
4.52 3.46
0.25 0.47 1.11 1.59 2.07
0.08 0.09 0.05 0.08 0.05

0.52

0.68

0.47

0.10

0.14

0.32

0.35

0.60

0.90

0.74

0.67

0.01

0.02

0.01

0.01

0.01

0.01

0.03

0.03

0.04

0.05

0.05
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Mar.
55.1
2.51
2.27
0.05

April
39.3
2.88
2.12
0.07

May
44.6
3.31
2.21
0.07

Table 5.3 Utility B bench-scale and full-scale FI comparison
Bench-scale

Permeability
(LMH/kPa)
TFI x 10-4 (m2/L)
HIFI x 10-4
(m2/L)
CIFI x 10-4 (m2/L)
HIFI/TFI
CIFI/HIFI
CIFI/TFI

3.78
(2.3 to 7.5)
255
13.4
2.5
0.05
0.19
0.01

Full-scale
First 4 days
of July
1.91

1 year

31
1.86

1.34
(0.5 to 2.5)
51.5
2.7

0.42
0.06
0.23
0.01

1.3
0.05
0.48
0.03

Ratio of bench-scale to
full-scale
First 4 days
1 year
of July
2.0
2.8
8.2
7.2

5.0
5.0

6.0
0.83
0.83
1

1.9
1
0.4
0.33

Table 5.4 Comparisons with literature
Comparisons

This research

Mathematical model to
determine fouling index
Membrane model and
system
Operating time

Data used to determine FI

FI values
(m2/L)

TFI

HIFI
Direct full-scale and Benchscale data comparison
conducted

Huang, Young, and
Jacangelo 2008; Lozier et
al. 2008; Huang, Young,
and Jacangelo 2009
Resistance in series
Cake filtration
2 different approaches but same mathematical expressions
Customized multi-fiber membrane modules operated at
constant flux operation, periodic hydraulic BW and
chemical cleaning
7 hours to 4 days
Last for 2 to 3 hours
TFI, HIFI, and CIFI were
determined based on data
Total fouling (UMFIi at
without HBW and CC (10
~20 L/m2) and hydraulic
2
to 30 L/m ), with HBW
irreversible fouling (UMFIr
(400 to 800 L/m2) , and
with 150 and 3000 L/m2)
with CC (3,000 L/m2)
0.0007-0.04
0.005-0.03
0.0005-0.0023

0.001-0.014

Yes

No
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CHAPTER 6
ROLE OF MODEL ORGANIC NITROGEN COMPOUNDS IN FOULING OF
LOW PRESSURE MEMBRANES
The model compound selection and composition is presented in chapter 3. This
chapter presents the results relating to membrane fouling by model compounds.

Membrane performance and water quality
Figure 6.1 presents specific flux versus specific throughput results for filtration of
solution A (containing only IHSS Suwannee River humic acid, DON/DOC = 1/30). In
addition to the instantaneous loss of specific flux immediately after switching from DI
water to model solution A, the specific flux decreased very rapidly during the first 30
minutes. Both hydraulic BW and chemical cleaning could not recover the initial
productivity loss. For the subsequent 30-minute hydraulic backwash cycles, the total
productivity loss was quite significant but was reversible by hydraulic backwash. The
observed phenomenon is significantly different from previously reported observations
based on decreasing flux at constant pressure operation mode (Yuan and Zydney 1999,
Jermann et al. 2007).
Figure 6.2 presents specific flux versus specific volume results for filtration of
solutions B, C and D (with DON/DOC ratio of 1/14, 1/5, and 1/3, respectively). With the
addition of the model organic nitrogen compounds, there was no instantaneous
productivity loss at the start of filtration. Specific flux loss was divided into two phases:
more rapid loss rate over the first few hydraulic backwash (HBW) cycles, then a
decreased loss rate afterwards. Unlike for solution A, chemical cleaning partly recovered
the productivity loss for the other three model solutions. However, in the subsequent
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chemical clean (CC) cycles, the specific fluxes continued to decrease and reached a
plateau as found for the first chemical cleaning cycle.
To assess the impact of high molecular weight on membrane fouling, an
experiment with polyethylene oxide (PEO) with 77,000 Dalton molecular weight (MW),
a hydrophilic polymer, was conducted. The PEO MW is most comparable to the MW of
BSA (66,000 Da) and greater than the MW of all model compounds utilized in this
research. The ionic strength, pH, and DOC were adjusted to levels similar to model
solutions A, B, C and D (I = 0.001 M, pH 7, and 3 mg C/L). Over two days of testing
with the PEO solution, the productivity loss was insignificant compared to that for model
solutions A, B, C and D (see Appendix B). The results suggest that fouling does not
depend on molecular size alone, but is dependant on the nature of the foulants, or a
combination of both size and foulant properties.
Fouling indices determined using the 2-point method were used to qualitatively
compare membrane performance. Table 6.1 presents the total fouling index values for the
first 4 cycles and the average values for the first 4 cycles for all four model solutions. The
TFI values were highest in the first HBW cycle for model solutions A and B. Variations
between TFI values for each HBW cycle were quite significant. Model solution C had the
highest average TFI, followed by model solution D, A and B. Thus, the DON/DOC
values did not have any clear impact on TFI (DON/DOC ratios are 1/30, 1/14, 1/5, and
1/3 for solutions A, B, C, and D respectively).
Table 6.2 presents the hydraulic irreversible fouling index values for all four
chemical cleaning cycles for the four model solutions. The HIFI was determined based on
the average values for the first and last hydraulic backwash cycles within one chemical
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cleaning cycle (which lasted for 8 hours). The HIFI values varied quite significantly
between each chemical cleaning cycle for all four model solutions. These variations were
presumably due to variability in the effectiveness of chemical cleaning at the end of each
CC cycle. Although the chemical cleaning procedure was kept constant, variations in
HIFI occurred for unknown reasons. This phenomenon was also observed for the full
scale data as presented in Chapter 5. The impact of the relative DON concentration on
HIFI was more significant when changing from a very low value of DON/DOC (1/30 for
solution A) to a very high value (1/3 for solution D). There was no significant difference
in HIFI when the DON/DOC ratio changed from 1/14 to 1/5. Thus, there is no linear
correlation of the HIFI value with the DON/DOC ratio.
Table 6.3 summarizes the fouling indices and specific flux loss for the model
solutions. For all four model solutions, the HIFI and CIFI values were much lower than
the TFI values. More than 95% of the total fouling was reversible by hydraulic backwash.
Although chemical irreversible fouling accounted for as much as 37% of the HIFI
(solution C), the CIFI values were generally very low, less than 1% of the TFI values.
This suggests that most fouling could be reversed by hydraulic backwash and chemical
cleaning, which agrees with results reported earlier (Ghosh 2001; Kanani, Sun, and
Ghosh 2008; Sun, Kanani, and Ghosh 2008; Loh et al. 2009) for tests using BSA and low
pressure flatsheet membranes at constant flux. The CIFI was highest for solution C,
closely followed by solution D, which was higher than for solution B, and significantly
higher than for solution A. Once again, there was no linear correlation between
DON/DOC and CIFI, but a higher CIFI with higher concentration of DON was observed.
Table 6.3 also lists the specific flux loss ratio (determined as the ratio of the difference
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between the specific flux for DI water (SF0) and the average specific flux for the model
solution (SFave) to the specific flux of DI water (SF0), or (SF0- SFave)/ SF0)). Due to the
high initial instantaneous flux loss, model solution A (but not model solutions B, C, and
D) had the highest specific flux loss, followed by solutions D, B and C. However,
solution A had much lower values of TFI, HIFI, and CIFI compared to solutions B, C,
and D. Adding the specific flux loss ratio into consideration, the impact of relative DON
concentration on membrane fouling does not appear to be significant.
Figure 6.3 present the DOC/DON mass ratios and absolute DOC and DON
concentrations for the feed and permeate samples. The average DOC for all four model
solutions was approximately 3 ppm (ranging from 2.9 to 3.2 mg/L) (Figure 6.3A). DON
to DOC ratios were very similar for the feed and the permeate samples for each model
solution suggesting no preferentially selective removal of non-nitrogen or nitrogen
enriched fractions (Figure 6.3B). Although all sizes of model compounds are much
smaller than the membrane pore sizes, there was significant (up to 40%) removal of DOC
and DON across the membrane despite no coagulant usage. High removal of Aldrich
humic acid (molecular weight of 50,000 Dalton) by hollow fiber microfiltration
membrane (molecular weight cut-off 150,000 Dalton) at bench-scale at constant flux
operating condition has been reported previously (Van et al. 2008). Surface
characterization (presented in the next section) shows deposits of materials and cake
layers on the membrane surface, which is consistant with observed removals. Cake
deposition by a model protein (BSA) has been reported for bench-scale constant flux
operating condition (Sun, Kanani, and Ghosh 2008). The cake is believed to be formed
by deposition of BSA monomers on protein aggregates retained on the membrane by
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sieving. The protein aggregates provide initial points for deposition of protein monomers
(Sun, Kanani, and Ghosh 2008).

Membrane surface analyses
Surface imaging with FESEM
The clean membrane surface (Figure 6.4A) is relatively porous with an
approximate pore size of 20 nanometers (nm). Figures 6.4B to 6.4E present FESEM
images of the fouled membrane after hydraulic backwash. Figure 6.4B shows significant
deposits covering some membrane surfaces including some pores, and the number of
open pores was reduced significantly after testing with solution A. There were more
deposits on the membrane surfaces after filtration of model solutions B, C, and D (model
solution with the addition of model organic nitrogen compounds) than for model solution
A (IHSS SRHA alone) for all observed samples (Figure 6.4C, D, and E). Figure 6.4E
shows an FESEM image after testing with solution D where both large deposits and open
pores were observed.
Figure 6.5 presents images of the tested membranes after chemical cleaning. In
general, chemical cleaning decreased deposits significantly but did not remove the entire
thin cake layer. Figure 6.5A shows the thin cake layer after chemical cleaning for the
membrane tested with solution A. Figure 6.5B shows much less deposits after chemical
cleaning for the membrane tested with solution B. Figure 6.5C shows rough surface areas
with surface deposits, covered and open pores after testing with solution C. Open pores
were observed for all fouled membranes tested with model solutions B, C, and D but not
for solution A. There was always a thin cake layer on membrane A after hydraulic BW
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and chemical cleaning for all observed samples. This thin cake layer might be responsible
for the productivity loss even after chemical cleaning.

Surface characterization with XPS
Figure 6.6 presents XPS survey spectra for the clean, hydraulically cleaned and
chemically cleaned membranes used for filtering solution D. The main components
observed in the survey spectrum for the clean membrane were C, F, and O, while N peaks
were clearly observed in the survey spectrum for all the fouled membranes. The binding
energy of the N peaks was approximately 399 eV, suggesting that the N is bound to
carbon (which can include amine, amide, nitrile, urea and nitrogen in aromatic rings
(Clarke, Suresh, and Ward 1998)). Residual chlorine was also detected at negligible
concentrations on some chemically cleaned membranes.
Figure 6.7 presents the C(1s) detailed spectra for clean and fouled (after hydraulic
backwash) membranes tested with all four model solutions. For the clean membrane, two
C(1s) peaks associated with the backbone C (on the right) and the fluorinated C (on the
left) can be clearly observed. For the fouled membranes, all C-C peaks were split into
two or more peaks, suggesting that other chemical bonds were detected.
Table 6.4 presents the overall elemental composition of clean, backwashed, and
chemically cleaned membrane surfaces. Qualitatively, the amount of C and O increased
while that of F decreased with membrane usage, presumably due to the attachment of the
model compounds to the membrane surface. After chemical cleaning, the percentage of F
increased to closer to that of the original unused membrane, suggesting less deposited
materials were on the membrane surface. However, chemical cleaning did not remove all
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the sorbed materials. The XPS results correlate very well with FESEM images. The
amount of nitrogen sorbed to the membrane surface increases with increasing
concentration of organic nitrogen compound present in the model waters but does not
exhibit any clear relation to fouling data.

Summary
The impact of DON concentration on membrane fouling was assessed using
model organic compounds (IHSS Suwannee river humic acid and model organic nitrogen
compounds). Mixtures of model organic nitrogen compounds were used to enhance the
organic nitrogen concentration. Four model solutions normalized to the same DOC
concentration (3 mg/L) had different DON/DOC ratios (1/30, 1/14, 1/5 and 1/3). Fouling
indices, determined based on a linearized resistance in series model, were used to
compare membrane performance.
The irreversible fouling index values were much lower than the total fouling
index values for all model solutions indicating that most fouling was reversible by
hydraulic backwash and chemical cleaning. The most severe fouling occurred in the first
30 minutes of operation (solution A) and after the first few hours of operation (solutions
B, C, and D). Chemical cleaning could not recover the initial productivity loss for
solution A and partly removed productivity loss for the other three model solutions. The
fouling trend observed in this study is very different from those reported in the literature
for constant pressure operating conditions. This further emphasizes the impact of testing
conditions on membrane performance. DOC and DON removal across the membrane was
high, presumably due to deposits of materials and cake formation on the membrane
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surface. FESEM images showed significant deposit and thin cake layers covering
membrane surfaces and pores for all fouled membranes. Chemical cleaning reduced
deposits significantly but did not completely remove the cake layer. XPS results correlate
very well with FESEM images; i.e., XPS results showed significant organic material
deposits and chemical cleaning could not remove all sorbed materials. Although higher
fouling indices were observed with the addition of model nitrogen compounds for most
cases, the specific flux loss showed the opposite trend. Thus there is no clear relation
between DON/DOC ratio and membrane fouling for the chosen model compounds.
Foulant molecular size does not appear to be a significant contributing factor to
membrane fouling. Membrane fouling is dependant on foulant properties in addition to
foulant size and DON/DOC ratio.
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Figure 6.1 Specific flux versus specific throughput for IHSS Suwannee River Humic
acid solution (A)
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Figure 6.2 Specific flux versus specific volume A. With solution B (DON/DOC =
1/14), B. With solution C (DON/DOC = 1/5); C. With solution D (DON/DOC = 1/3)
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Figure 6.4 FESEM membrane images after BW – A. Clean membrane; B. With
solution A; C. With solution B; D. With solution C; E. With solution D
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Figure 6.5 FESEM images after chemical cleaning – A. With solution A; B. With
solution B; C. With solution C
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Figure 6.6 Survey spectrum of clean and membrane tested with model solution D
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Table 6.1 Total Fouling Index for the first four hydraulic backwash cycles
Solution

N/C

A
B
C
D

1/30
1/14
1/5
1/3

TFI1
108
143
115
50

Total Fouling Index (TFI x 10-4, m2/L)
TFI2
TFI3
TFI4
Average
74
73
109
91
80
36
47
77
89
151
99
114
137
137
97
105

Table 6.2 Hydraulic Irreversible Fouling Index for all 4 CC cycles
Solution

N/C

A
B
C
D

1/30
1/14
1/5
1/3

Hydraulic Irreversible Fouling Index
(HIFI, m2/L)
HIFI1 HIFI2 HIFI3 HIFI4 Average
2.50 1.60 0.60
0
1.18
4.90 1.90 3.20 4.50
3.63
1.70 2.60 2.20 5.90
3.10
1.10 7.20 2.60 10.20
5.28

Table 6.3 Summary of fouling indices for 4 model solutions
Water

A
B
C
D

FI x 104 (m2/L)
TFI
HIFI

DON/
DOC

1/30
1/14
1/5
1/3

HBW
Cycle 1
108
143
115
50

Ave. first 4
HBW cycles
91
77
114
105

1.17
3.62
3.10
5.27
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CIFI

HIFI/
TFIave

CIFI/
HIFI

(SF0SFave)/ SF0

0.114
0.582
1.149
1.048

0.013
0.047
0.027
0.050

0.097
0.161
0.371
0.199

0.23
0.17
0.16
0.22

Table 6.4 Elementary composition determined by XPS
Membrane

C1s
(%)
Clean
54.7
Fouled HA, DON/DOC BW 57.4
= 1/30
CC 59.4

O1s
(%)
18.8
22.2
21.6

F1s
(%)
26.4
18.7
17.9

N1s
(%)
ND
1.7
1

F2s Si2p Cl2p
(%)
ND ND ND
Neg ND ND
ND
ND 0.1

Fouled DON/DOC =
1/14

BW 56.6 23.6 16

2.3 Neg. 1.5 Neg.

CC

0.5 ND ND 0.1

Fouled DON/DOC =
1/5

BW 58.5 22 14.9 4.1 Neg. Neg. 0.5

Fouled Org. Nitrogen
DON/DOC = 1/3

BW 60.9 22.7 6.8

CC

CC

58.8 20.7 20

58.2 22 16.3

3

ND ND 0.4

8.7 ND ND 0.2
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CHAPTER 7
FOULING OF LOW PRESSURE MEMBRANES BY NATURAL WATER
SOURCES
As no significant impact of the relative DON concentration on membrane fouling
was observed for the model compounds, the impact of NOM characteristics and water
sources was focused on in this phase of the research. The detailed quality of the three
water sources is presented in Chapter 4 and is resumarized in this chapter. This chapter
focuses on presenting the membrane performance and product water quality. Fouling
indices were used to describe different fouling aspects and to compare membrane
performance.

Water quality
Three natural water sources with different NOM origins (oligotrophic, algal
impacted, and wastewater impaired) with normalized similar NOM concentration (2 mg
C/L and 1/17 DON/DOC ratio) were chosen for these experiments.
Quabbin Reservoir water (QRW), representative of oligotrophic water sources,
had low levels of TOC, turbidity, TN, and UV absorbance. The NOM had a broad
molecular weight (MW) distribution, ranging from 600 to 13,000 Daltons (Da) with three
clear separate peaks including 700 Da humic-like material, 4,000 Da protein-enriched
material, and 11,000 Da humic-like material. Blackstone River water (BSRW),
representative of a water source impaired by wastewater discharge, had a high level of
TN and TOC. The NOM in the BSRW had a broad MW distribution, mainly 18,000 to
21,000 Da humic-like material, 6,500 to 6,900 Da humic-like material, and 3,500 to
3,900 Da and 2,500 to 2,900 Da protein-enriched materials. Forge Pond water (FPW),
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representative of an agal bloom water source, had high levels of TOC, UV absorbance,
and color. The NOM had a broad MW distribution with two clear separate MW ranges:
peaks at 71,000 Da humic-like material and 10,000 Da protein-enriched mateiral.

Membrane performance
Figure 7.1A presents specific flux versus specific throughput results for
membrane A tested with QRW. The first horizontal and flat segment is the specific flux
for filtration of DI water. After switching to QRW, the specific flux drecreased gradually.
Chemical cleaning was conducted at 24-hour intervals of filtration and effectively
recovered the membrane specific flux. A closer look (Figure 7.1B) showed that although
days 2 and 3 had slightly lower start and end points, the specific loss trend was very
similar for the 3 days.
Fouling indices were used to quantitatively compare membrane fouling. Figure
7.2 presents the performance data and the TFI values for the first four HBW cycles for
membrane A tested with QRW. The TFI was highest for hydraulic backwash cycle 1 and
then decreased in the subsequent HBW cycles. The same trend was observed for
membrane A tested with the other two water sources. As seen in Figure 7.2A, except for
HBW cycle 1, the linearity of inverse specific flux versus specific volume was quite poor.
Thus, the 2-point method was used to determine TFI values for any HBW cycle with poor
linearity between 1/J’s and specific volume, V (poor linearity if the linear regression
value R2 is less than 0.7). Averages of the 10 first and 10 last values within one HBW
cycle were used to determine the TFI. Figure 7.2B presents the TFI values for the first 4
HBW cycles determined by the 2-point method. Comparison of the TFI values
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determined from the 2-point method and the regression method showed that both
methods yielded similar results for most cases. For some cases, especially for membrane
B, the TFI values determined by the 2-point method were greater than those determined
from the regression method. ANOVA test results showed that at the 95% confidence
level, the TFI differed between membrane types while water source did not have any
statistically significant impact on the TFI values.
Figure 7.3 compares fouling data for membrane A for the three different water
sources. While membrane A had high hydraulically irreversible fouling with BSRW, it
fouled much less with FPW and QRW. In general, the linearity of hydraulic irreversible
resistance (1/J’s) versus specific volume (V) is good, thus linear regression was used to
determine HIFI values. The HIFI values were very constant for the BSRW, relatively
constant for the FPW, and varied from 0.8 to 1.8 x 10-4 m2/L for the QRW (Table 7.1).
The HIFI seems to be dependant the effectiveness of the chemical cleaning. Although the
chemical clean procedure was kept constant, the HIFI varied between cleaning cycles for
unknown reasons. The same scenario occurred for the full-scale plant as presented in
Chapter 5. For membrane B, the HIFI values for each chemical cleaning cycle stayed
relatively constant for the QRW and the BSRW, but varied from 0.7 to 2.5 x 10-4 m2/L
for the FPW. Table 7.1 presents the HIFI values for individual chemical clean cycles for
membranes A and B. ANOVA multiple pair-wise comparisons show that each membrane
type and water source combination resulted in significantly different HIFI values.
Comparison of the chemical irreversible fouling data for membrane A for the
three water sources (Figure 7.4) shows that despite the much greater hydraulic
irreversible fouling for the BSRW, the chemical irreversible fouling for that water was
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less than for the other two waters. Figure 7.5 compares the fouling data for membranes A
and B for the BSRW. While membrane A fouled significantly, the change in resistance
over one day was much less for membrane B, showing a significant impact of membrane
type on membrane fouling. Membrane B had high initial specific flux loss but the rate of
fouling decreased significantly after 2 to 3 hydraulic backwash cycles. The same scenario
occured for membrane B tested using FPW. This suggests that a few hours of testing are
not sufficient for a good assessment of longer term membrane performance. Although
membranes A and B both have PVdF based material, they behaved quite differently.
Figure 7.6 presents the fouling data for membrane B for all three water sources.
Among the three water sources, FPW seemed to cause the highest productivity loss. The
linearity between 1/J’s versus specific volume V was good, so all data points were used to
determine the hydraulic irreversible fouling index values.
Table 7.2 summarizes the fouling indices for the two membranes and the three
different water sources. The TFI was reported for the first HBW cycle and for the average
of the first four HBW cycles. Except for one case, membrane A tested with BSRW, the
HIFI and CIFI were significantly lower than the TFI indicating that most fouling was
reversible by hydraulic BW and chemical cleaning. Chemical cleaning with chlorine was
very effective in reversing the hydraulic irreversible fouling for both membrane types.
Although membrane B had higher initial total fouling than membrane A, membrane B
had much less hydraulic irreversible fouling than membrane A. For membrane A, overall
the BSRW caused the most total and hydraulic irreversible fouling; more than 80% of the
fouling could not be reversed by hydraulic backwash. However, chemical cleaning with
chlorine reversed more than 95% of the hydraulic irreversible fouling and the BSRW
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caused the lowest chemical irreversible fouling of the three water sources. There was no
significant difference in hydraulic irreversible fouling between FPW and QRW for
membrane A. More than 70% of the total fouling was reversed by hydraulic backwash
and the chemical irreversible fouling was only 8% (FPW) and 7% (QRW) of the total
fouling. Although membrane B had higher initial TFI values than membrane A, the TFI
values of subsequent cycles decreased significantly, resulting in much lower HIFIs than
those for membrane A. Among the three water sources, the FPW caused the most fouling
to membrane B, both reversible and irreversible, followed by the QRW and then the
BSRW. This suggests that the total and hydraulic irreversible fouling is very specific to
water source and membrane type. Given the same normalized TOC and DON/DOC
levels, both membrane A and B shared the same trend with regards to chemical
irreversible fouling: highest for the FPW, less for the QRW, and least for the BSRW.
ANOVA tests show that the impact of water sources is significant while membrane type
did not cause any statistically significant differences in the CIFI value. High initial
fouling and hydraulic irreversible fouling rates did not lead to high chemical irreversible
fouling rates, which further confirms the necessity of longer-term testing (at least a few
days) to better assess the longer-term membrane performance.
Figure 7.7 presents the percentage removals of TOC, TN, DON and UV for
membranes A (Figure 7.7A) and B (Figure 7.7B) for the three water sources. The TOC
removals for membrane A were much greater than those for membrane B; as presented
earlier, membrane A had higher fouling rates than membrane B. TOC removal ranged
from 8 to 20% for membrane A (highest for BSRW, then for QRW and FPW), versus 3
(QRW, FPW) to 8% (BSRW) for membrane B. The UV and TN removals for membrane
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A and B were more comparable, ranging from 12 to 34% for UV and 2 to 12% for TN.
While the DON removal for membrane A covered a wide range, from 0 (FPW) to 20%
(QRW), DON removal was approximately 7% for all three water sources for membrane
B.
The DON/DOC ratios for the feed, permeate and BW samples were compared as
part of assessing the impact of organic nitrogen compounds (measured as DON) on
membrane fouling. Figure 7.8 compares the DON/DOC ratios for the feed, permeate and
BW waters for membranes A and B for the three water sources. The DON/DOC ratios of
the three feed water sources were statistically the same, averaging 0.06 (the error bars
show 95% confidence interval). For membrane A and BSRW, the DON/DOC ratio of the
BW water was less than for the feed and permeate suggesting nitrogen enriched materials
were less preferably removed by hydraulic backwash. For the QRW and the FPW tested
using membrane A, and all three water sources tested using membrane B, the DON/DOC
ratios of the feed, permeate and BW waters were statistically the same, suggesting no
preferred removal of materials enriched with nitrogen. This suggests that there is no clear
evidence of the impact of DON on membrane fouling for the natural water sources.

NOM characterization by HPSEC
Feed, permeate, and backwash samples were collected for NOM characterization
using HPSEC. Multiple feed, permeate and BW samples were collected for different
cycles on different days. For all the samples collected for HPSEC analyses, hydraulic
backwash was conducted using DI water (instead of permeate) and samples were
collected after initial wasting of the feed water content in the membrane module. This
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sampling method provided a clearer molecular weight distribution of NOM associated
with the hydraulic BW. Materials detected in the backwash samples are considered at
least hydraulically reversible foulants. The materials detected in BW samples might not
be completely removed by HBW, as some matter may have remained on the backwashed
membrane surface. Consideration of the results of ATR-FTIR analysis, discussed in
Chapter 8, provide a better picture of the hydraulically irreversible fouling materials.
Materials present in the feed water but not detected in the backwash samples are
considered to be hydraulically irreversible fouling materials.
Figure 7.9 presents the HPSEC apparent molecular weight distributions for the
feed, permeate, and BW samples for membrane A tested with QRW. The permeate NOM
molecular weight distribution resembled that of the feed and did not change during the
experiment; i.e.; consisting of 700 Da humic-like material, 4,000 Da protein-enriched
material, and 11,000 Da humic-like material. The NOM MW distribution and URI values
for the BW samples changed according to collection time. The NOM MW distribution of
BW samples collected at the beginning of the run (in the first HBW cycle) resembled
those of the feed and permeate. BW samples collected at later times had different MW
distribution and URI values. The high MW fraction (between 8,000 and 14,000) was not
removed by hydraulic backwash, only the intermediate MW (4,000 Da) and the lower
MW fractions (500 to 1,000 Da) could be removed. The URI values (URI =
UV210/UV254) of the last BW cycles were also different from those of the feed, permeate
and first BW (Figure 7.10). The URI value of the 4,000 Da peak was 3.8 instead of 20,
suggesting that the protein enriched fraction could not be removed by hydraulic
backwash. The URI of the 700 Da peak was 21 instead of 5, suggesting that the
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hydraulically backwashable fraction was protein enriched material. The first peak, not
present in the BW samples collected at the end of the chemical cleaning cycle, contained
humic-like materials as indicated by the low URI value. Thus, the hydraulically
reversible fouling materials were low MW (700 Da) protein-enriched material, and the
humic-like fraction of the 4,000 Da materials. The hydraulically irreversible fouling
material were 700 Da and high MW humic-like (8k to 14k) materials.
The same trend was observed for membrane B tested using QRW (Figure 7.11)
except that the 4,000 Da nitrogen-enriched fractions were also removed by hydraulic
backwash. Thus, for membrane B tested with QRW, the hydraulic reversible fouling
materials were 700 Da protein-enriched materials, and 4,000 Da humic like materials; the
irreversible foulants were 700 Da and 11 kDa humic like materials. ATR-FTIR results
(presented in the next chapter) confirmed that both humic and protein materials were
detected on the hydraulic backwashed membrane A tested using QRW, while only humic
fractions were detected on membrane B tested using QRW.
Figure 7.12 presents the NOM MW distribution for feed, permeate, and BW
samples for membrane A tested using BSRW. A similar trend was observed as found for
the QRW results. While the NOM MW distribution of the feed and permeate remained
unchanged, that of the BW samples changed with operating time. Feed, permeate and
first BW cycle samples had the same NOM MW distribution and URI values, i.e.; 8,000
to 21,000 Da humic-like material, 6,500 to 6,900 Da humic-like material, and 3500 to
3900 Da and 2500 to 2900 Da protein-enriched material. The sample of the last HBW
cycle prior to chemical cleaning contained humic-like materials (URI value of 2.4) with a
wide MW distribution, 2,000 to 14,000 Da. This suggests that the low MW (2,600 and
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3,700 Da) protein-enriched fraction was not removed by hydraulic BW. The high MW
humic-like material peak (18,000 to 21,000 Da) was not seen in the HPSEC
chromatogram for the last BW sample; i.e., was not hydraulically removed. Thus, the
hydraulically irreversible fouling materials for membrane A tested with the BSRW were
humic like high MW (18 to 21k) and the protein-enriched fraction of the lower MW
NOM (2,600 and 3,700 Da). The hydraulically reversible fouling materials were humiclike materials with wide MW distribution (2 to 14 kDa).
Unlike membrane A, the NOM MW distribution for BW samples for membrane B
did not change with operating time. The feed, permeate, and BW samples all had similar
MW distributions (Figure 7.13), suggesting that these fouling materials were removed by
hydraulic backwash. Surface analyses by ATR-FTIR later showed that humic materials
were detected on membrane B after hydraulic backwash, suggesting that the humic
fractions were only partly backwashable, while the protein fractions were possibly
completely backwashable. The fact that proteins were completely removed for membrane
B might be the reason for its much lower hydraulic irreversible fouling compared to
membrane A when tested with BSRW (0.5 m2/L for membrane B versus 4.8 m2/L for
membrane A).
Figure 7.14 presents the MW distributions for the feed, permeate and BW samples
for membrane A tested using FPW. The MW distributions of the feed, permeate and BW
samples did not change during the experiment. Both high MW humic like materials and
protein like materials were removed by hydraulic backwash for membrane A. ATR-FTIR
detected both humic and protein materials on membrane A after HBW suggesting that
these materials were only partly removed. For membrane B, the protein like material of
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the 10k NOM could not be detected in the permeate and the BW samples, suggesting
these materials could not be removed by hydraulic backwash and might be part of the
irreversible fouling material. These materials might be responsible for the greater fouling
of membrane B when tested using FPW compared to QRW and BSRW. ATR-FTIR
detected both humic and protein fractions on membrane B after HBW suggesting that the
humic fractions were only partly removed.

Summary
Overall, the two membrane types behaved differently despite having the same
PVdF base material, suggesting membrane fouling is very specific to membrane type and
water source. Most fouling was reversible by hydraulic backwash except for one case for
membrane A tested using BSRW. However, chemical cleaning with chlorine was very
effective in reversing nearly all the hydraulic irreversible fouling. Given the same
normalized TOC and DON/DOC levels, the chemical irreversible fouling index was
highest for the algal bloom impacted water source (FPW), less for the oligotrophic water
source (QRW), and least for the wastewater impaired water source (BSRW) for both
membrane types. ANOVA test shows that at 95% confidence level, different membrane
types did not have any impacts on the CIFI values. High initial total and hydraulic
irreversible fouling rates did not lead to high chemical irreversible fouling rates. Overall,
membrane A had more hydraulic irreversible fouling than membrane B. However, TOC
removals for membrane B were lower than for membrane A. For membrane A, the
BSRW caused the highest average total fouling and hydraulically irreversible fouling.
While most fouling by QRW and FPW was reversed by hydraulic backwash, only 19% of

95

the total fouling by the BSRW was reversed by the hydraulic backwash. Membrane B
behaved differently from membrane A. Although membrane B had higher initial TFI
values, the fouling rate decreased significantly after 2 to 3 hydraulic backwash cycles (2
hours of operation), resulting in much lower irreversible fouling rates than membrane A.
The TFI values for membranes A and B were statiscially different (at the 95% confidence
level). FPW caused the most fouling, whereas the QRW caused more hydraulic
irreversible fouling than the BSRW. Pair-wise comparisons show that the HIFI values
differ for each water source and membrane type combination. This suggests that a few
hours of initial testing is not a good indicator of long-term membrane performance. At
least a few days of testing are recommended for long-term membrane performance
assessment. Humic-like and protein-enriched materials of different sizes were found as
both hydraulic reversible and irreversible membrane foulants.
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Figure 7.1 Specific Flux versus Specific Volume for membrane A tested with QRW,
Chemical cleaning between groups of data (A. Cumulative specific volume; B. Single
chemical cleaning cycle specific volume)
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Figure 7.2 Fouling data and TFI for membrane A tested using Quabbin River
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Table 7.1 HIFI values of individual chemical cleaning cycle of membrane A and B
Chemical
clean
cycle
Cycle 1
Cycle 2
Cycle 3
Cycle 4
Average

HIFI x 104 (L/m2)
QRW
1.3 ± 0
0.8 ± 0
1.8 ± 0
1.3

Membrane A
FPW
1.0 ± 0
1.2 ± 0
1.3 ± 0
1.2

BSRW
4.8 ± 0
4.8 ± 0
4.7 ± 0
4.6 ± 0
4.7

QRW
0.5 ± 0
0.6 ± 0
0.6 ± 0
0.57

Membrane B
FPW
0.7 ± 0
1.6 ± 0
1.1 ± 0
2.5 ± 0
1.48

BSRW
0.5 ± 0
0.5 ± 0
0.6 ± 0
0.53

Table 7.2 FI summary for membranes A and B
Water
Mem.

A

B

QRW
FPW
BSRW
QRW
FPW
BSRW

HBW
Cyc. 1
12
6.3
6.5
9
20
7

FI x 104 (m2/L)
TFI
HIFI
Ave. first 4
HBW cycs
5.9
1.3
5.0
1.2
7.8
4.7
13.6
0.6
13.5
1.5
7.5
0.5
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CIFI

HIFI
/TFIave

0.27
0.42
0.16
0.16
0.42
0.10

0.29
0.24
0.81
0.06
0.11
0.13

CIFI
/HIFI

0.23
0.17
0.04
0.24
0.27
0.20

CIFI
/TFIave

0.07
0.08
0.03
0.01
0.03
0.02

CHAPTER 8
SURFACE CHARACTERIZATION OF LPHF PVDF MEMBRANES
This chapter presents the surface analysis results of membrane tested with 3
different natural surface water sources. The membrane performance and water quality
results have been presented in Chapter 7.

Surface imaging with FESEM
Figure 8.1A presents the clean surface of commercial membrane A. The
membrane is relatively porous with an approximate pore size of 20 nanometers (nm) as
measured on FESEM images. After hydraulic backwash, thick cake layers and deposits
were observed on the surface of membranes fouled by the three different water sources
(Figure 8.1B and C). These cake layers might be responsible for the productivity loss.
Chemical cleaning partly removed the cake layer and decreased the deposits significantly
(Figure 8.1D).
Compared to commercial membrane A, the clean membrane B had a rougher
surface, and less homogeneous pore sizes of approximately 50 nm (Figure 8.2A). In
general, there were less deposits and pore covering on fouled membrane B than for
membrane A for all three water sources. This agrees with membrane performance results
where fouling was more severe for membrane A than for membrane B. Few deposits, a
very thin layer of fouling materials on some parts of the membrane surface, and most
pores were visible after backwash for tests using QRW and BSRW (Figure 8.2B).
Although there were significant deposits on the hydraulic backwashed membrane after
testing with FPW, open pores were also visible (Figure 8.2C). Thus, the productivity loss
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of membrane B was due to localized cake deposition and pore blocking. After chemical
cleaning of membrane B-QRW (Figure 8.2D), it appeared similar to the clean membrane
surface (large and non-homogenous pores and rougher surface).

Surface analysis by XPS
Figure 8.3 presents the XPS survey spectrum for hydraulically backwashed
membrane A samples after testing using the three water sources. The three distinctive
peaks belong to the elements F, O and C. The nitrogen peaks were small but distinctive
for the fouled membranes. The binding energy of the N peak was approximately 400 eV
suggesting that the N was bound to carbon (which can include amine, amide, nitrile, urea
and nitrogen in aromatic rings (Clarke, Suresh, and Ward 1998).
Figure 8.4 presents the survey and detailed spectra for membrane A tested using
BSRW for the unwashed (UW), after hydraulic BW, and after CC conditions. In addition
to the three distinctive peaks (F, O, and C), other peaks observed on the unwashed fouled
membranes were N, Na, Ca, and Si. After chemical cleaning, the Ca and Si peaks were
not observed. After hydraulic BW and CC, the percentage of F increased to a level closer
to that of the clean membrane as seen in the F1s detailed spectra (Figure 8.4C). This
suggests that fouling materials deposited on the membrane surface and were removed by
hydraulic BW and CC. For the clean and chemically washed membranes, two distinctive
C peaks (the backbone C on the right and the fluorinated C on the left) were observed
while these did not appear for the unwashed and backwashed membranes (Figure 8.4B).
Figure 8.5 presents spectra for membrane B after CC for the three water sources.
The chemically cleaned membrane and the pristine membrane shared very similar survey
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spectra except for the magnitude of each element. C1s detailed spectra show two distinct
carbon peaks (backbone carbon on the right and fluorinated carbon on the left) for all
four membrane samples. However, there is a slight difference between the C1s spectra
for the three fouled membranes and the clean one. Small peaks at approximately 284 eV
binding energy for the three fouled membranes suggest the possible existence of another
functional group, probably bonding with the backbone carbon.
Table 8.1 presents the XPS elementary composition of the clean and fouled
membranes. Although the base material for both commercial membranes is PVdF, the
elementary composition of the clean membranes is not similar to that of pure PVdF,
suggesting these membranes also contain materials other than PVdF. The elementary
composition of the fouled membranes changed significantly even after BW.
For membrane A, most of fouling materials detected by XPS have more than 30%
oxygen, more than 50% C and from 3 to 4% N. Silicate and calcium deposits were
detected on membranes tested using all three water types; sodium deposits were only
detected for the membrane tested with BSRW. However, CC removed all the inorganic
deposits. CC was not able to remove all organic deposits as N remained and the %F was
lower than that of the clean membrane.
For membrane B, the decrease in %F for the fouled membranes was much less
significant compared to membrane A, implying less deposit of organic materials. This
agrees with less deposited foulant materials on membrane B as observed with FESEM
and less specific flux loss for membrane B compared to membrane A. No calcium
deposits were detected. Except for BSRW testing where silica was detected on membrane
B after BW (but was removed after CC), silicates were not detected for the two other
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water types. CC reduced, but did not remove, all deposited organic material on the
membrane B surface.

Functional groups identification with ATR-FTIR
Figure 8.6 presents the IR absorbance for the clean membrane A and after testing
with BSRW. While the unwashed and the backwashed membranes show significantly
different absorbance compared to the clean membrane, the chemically washed sample
shows almost no difference. For the unwashed and the BW samples, the broad peak at
3284 cm-1 (OH stretch of alcohols) and peak at 1050 cm-1 (C-O stretch of alcohols)
suggest the presence of carbohydrates on the membrane surface. This has also been
identified as polysaccharides (Cho et al. 1998). The absorbance peak at 1050 cm-1 only
appeared on the unwashed membrane and can also be interpreted as silicate (XPS also
detected silicate for unwashed and backwashed membranes). The amide peak 1 at 1660
cm-1, amide peak 2 at 1545 cm-1, the C-H stretch peak at 3000-2800 cm-1 (2950 cm-1) and
the lack of a peak at 1370 cm-1 for methyl bending, suggest the presence of peptide
and/or protein. In addition to the presence of an O-H group stretch peak (3284 cm-1) with
a sharp C-H stretch peak (2950 cm-1), the shoulder from 2300 to 2700 cm-1 arose from
the OH in carboxyl groups hydrogen-bonded to carbonyl groups, suggesting the presence
of humic substances on unwashed and backwashed samples. Thus, the fouling materials
on unwashed membrane A after testing with BSRW were humic substances,
peptide/protein, carbohydrates/polysaccharides, and/or silicates. Hydraulic BW decreased
the fouling materials. CC brought the IR absorbance close to that of the clean membrane.
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Figure 8.7 presents the IR absorbance for clean and backwashed samples of
membrane A for all three natural water sources. Similarly, the hydraulically irreversible
fouling materials detected were carbohydrates/polysaccharide, silica, humic substances
and peptide/protein for all three water sources. Thus humic substances and protein
materials were found to be the fouling materials regardless of their sources. Combination
with the HPSEC results show that humic substances and peptide/protein were fouling
materials regardless of the molecular weight.
Similar to the case for BSRW, there was marginally different absorbance among
the chemically cleaned membranes after testing using FPW and QRW and the clean
membrane; i.e., CC removed essentially all the detected foulants (Figure 8.8). This is
confirmed by the membrane performance results where chemical cleaning recovered the
majority of specific flux loss.
Figure 8.9 presents the IR absorbance for clean and hydraulically backwashed
samples of membrane B. While there were slight changes in IR absorbance for membrane
B tested with QRW after BW (QBWB), there were more significant changes for the
FPBWB membrane (membrane B tested with FPW after BW) and the BSBWB
membrane (membrane B tested with BSRW after BW). Possible foulants deposited on
the FPBWB samples were carbohydrates/polysaccharides, humic substances, and
peptide/protein.

Possible

foulants

for

the

BSBWB

tested

samples

were

carbohydrates/polysaccharides and humic substances. Although peptide/proteins were
detected on membrane A tested with BSRW and QRW, no peptides/protein were detected
on membrane B tested with BSRW and QRW, suggesting an impact of membrane type
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on foulant deposition. Humic substances and protein materials were found to be
membrane foulants regards of their MW and sources for both membrane types.
After CC, there was only a marginal difference between the absorbance spectra of
the unused clean and the three chemically cleaned membrane B samples (Figure 8.10).
There were some trace deposits of humic substances on the FPCWB and the BSCWB
membrane samples (membrane B tested with FFW and BSRW after chemical cleaning,
respectively) and no deposit on the QCWB membrane (membrane B tested using QRW
after chemical cleaning). Thus, CC with chlorine was effective in removing most of the
foulants for both membrane types. This agrees with membrane performance results where
chemical cleaning recovered the majority of the specific flux loss.
Table 8.2 summarizes the foulant functional groups and properties as determined
by HPSEC and ATR-FTIR. The results of this study show that membrane fouling is
specific to membrane type and water source. Carbohydrates/polysaccharides, humic
substances, and peptide/protein of different origins and molecular weight can cause
membrane fouling. Removal of them or changing their properties by pretreatment (e.g.,
coagulation, flocculation and/or prefiltration) might be helpful in controlling the
hydraulic irreversible fouling. However, even without pretreatment, daily chemical
cleaning with chlorine is a very effective way to control hydraulically irreversible
membrane fouling.

Summary
The surface characterization results agree very well with, and compliment, the
membrane performance and HPSEC NOM characterization results. There were more
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deposits and pore covering on membrane A than membrane B as observed using FESEM,
which agree with more severe fouling of membrane A than membrane B as quantified by
the fouling index results. FESEM images showed cake layers/deposits on the membrane
surface with partially and fully blocked membrane pores after hydraulic backwash.
However, chemical cleaning significantly decreased the cake layer and the pore blocking
observed, which agrees with the low chemical irreversible fouling index values.
Elementary composition analyses by XPS showed that most foulants were organic
materials. Some inorganic foulants were also detected after hydraulic backwash.
Chemical cleaning removed the majority of organic foulants and all inorganic foulants,
which suggest that chemical irreversible fouling by the three natural water sources was
caused by organic materials. Analyses by ATR-FTIR showed that hydraulically
irreversible organic foulants were mostly carbohydrates/polysaccharides, humic
substances and peptide/proteins. As suggested by HPSEC and ATR-FTIR results, humic
substances and peptide/protein were found to be foulants regardless of their molecular
weight and origin. Foulant characteristics detected were specific to membrane type. For
membrane A tested with all three waters, both humic substances and peptide/protein were
detected by HPSEC and ATR-FTIR, which suggests that humic substances and
peptide/protein were both reversible foulants, and irreversible foulants. The same
scenario applied to membrane B tested using BSRW, where humic substances were both
reversible and irreversible fouling materials (detected by both HPSEC and FTIR). For
membrane B tested with QRW, humic substances were detected as fouling materials by
both FTIR and HPSEC, while protein was detected by HPSEC, but not by FTIR. This
suggests that the peptide/protein was completely removed by hydraulic BW and thus did
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not appear on the FTIR spectrum (FTIR spectra were obtained after hydraulic BW and
chemical cleaning). Thus, the irreversible foulants were humic substances and the
reversible foulants were humic substances and peptide/protein. For membrane B tested
with FPW, humic substances were detected as fouling materials by both FTIR and
HPSEC, while peptide/protein was detected by FTIR but not by HPSEC, suggesting that
the hydraulic BW did not remove the peptide/protein material.

The fact that

peptide/protein was removed from membrane B when tested with QRW and not removed
when tested with FPW might explain the more severe fouling of membrane B when
tested with FPW than when tested with QRW. The trace organic foulants after chemical
cleaning were not detected by ATR-FTIR. The three surface characterization tools
complimented each other and membrane performance results, and thus are recommended
for membrane foulant characterization.
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B(5 kV, 5k mag)

A (10 kV; 100k mag)

C (5kV, 5k mag.)
D (5kV, 10k mag.)
Figure 8.1 FESEM images of membrane A – A. Clean membrane; B. With BSRW
after BW; C. With FPW after BW; D. With QRW after CC
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A (10 kV, 35k mag.)

B (10kV, 10k mag.)

C (10kV, 5k mag.)

D (10kV, 33k mag.)

Figure 8.2 FESEM images for membrane B – A. Clean membrane; B. With QRW
after BW; C. With FPW after BW; D. With QRW after CC
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Figure 8.6 IR absorbance for membrane A – BSRW (AC: membrane A clean,
BSTA: membrane A tested with BSRW unwashed, BSCWA: membrane A tested
with BSRW after hydraulic BW; BSCWA: membrane A tested with ASRW after
CC)
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Figure 8.7 IR absorbance for membrane A: clean and backwashed after testing with
3 natural waters (QBWA, FPBWA, BSBWA: Membrane A tested with QRW, FPW
and BSRW after BW respectively).
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Figure 8.8 IR absorbance for clean and chemical cleaned membrane A (BSCWA,
QCWA, FPCWA: membrane A tested with BSRW, QRW and FPW after CC
respectively)
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Figure 8.9 IR absorbance of membrane B: clean and backwashed (BSBWB, QBWB,
FPBWB: membrane B tested with BSRW, QRW and FPW after BW respectively).
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Figure 8.10 IR absorbance of membrane B: clean and chemical cleaned (QCWB,
BSCWB, FPCWB: membrane B testing with QRW, BSRW and FPW after CC
respectively)
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Table 8.1 Elementary composition of clean and fouled membranes
Membrane
A Clean
BSTA
BSBWA
BSCWA
QRBWA
QRCWA
FPBWA
FPCWA
B Clean
BSBWB
BSCWB
QRBWB
QRCWB
FPBWB
FPCWB
Neg. Negligible

C1s
54.7
51.3
50.9
54
50.9
54
53
54
56.8
56.6
59.8
57.8
57.4
59.8
56.4

O1s
18.8
35.9
36.3
21
37.3
21
34
24
10.1
23.6
12.3
15.6
13
23.4
20.6

F1s
26.4
1
5.5
20.8
5.5
20.8
7
20
30.1
16
26
23.9
26.9
13
19.5

N1s
6.6
3.2
2.5
3.2
2.5
4
1
1.3
2.3
1.5
2.7
2.5
3.3
2.7
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Na1s
1.4
1.4
1.4
Neg.
Neg.
-

S 2p
<1%
1.5
Neg.
-

Si2p
1.3
1.3
1.8
<1
<0.1
0.4
0.3

Cl2p
0.6
0.5
0.5
1.5
0.3
Neg.
0.1
0.5

Ca2p
0.8
0.8
0.8
<1%
<0.1%
-

Table 8.2 Membrane foulant characterization by HPSEC and ATR FTIR
Membrane As detected by HPSEC
and water Reversible Irreversible
types
foulant
foulant
A QRW 700 Da PE, 700 Da; 8 to
4000 da HL 14 kDa HL

Irreversible Combination of FTIR and HPSEC
foulant by
Hydraulic
Hydraulic
ATR-FTIR
reversible
irreversible
Humic and 700 Da PE, 4 4000 Da PE, 8 to 14
protein
kDa HL
kDa HL (may also
have 4 kDa HL
after BW)
BSRW 2 to14 kDa
18 to 21 Humic and 2 to14 kDa HL 8 to 21 kDa HL, 3
HL
kDa HL, 3
protein
kDa PE (may also
kDa PE
have 2 to14 kDa
HL after BW)
FPW 71 kDa HL, 71 kDa HL, Humic and 71 kDa HL, 10 71 kDa HL, 10 kDa
10 kDa PE 10 kDa PE
protein
kDa PE
PE

B QRW

700 Da PE, 700 Da and
4000 da HL 8 to 14 kDa
HL

Humic

700 Da PE,
4000 da HL

700 Da and 8 to 14
kDa HL (may also
contain 4 Kda HL
after HBW)
ND
Humic
6.5 to 6.9 and 6.5 to 6.9 and 18 to
BSRW 6.5 to 6.9 and
18 to 21 kDa
18 to 21 kDa
21 kDa HL
HL, 3.5 to 3.9
HL, 3.5 to 3.9
and 2.5-2.9
and 2.5-2.9 kDa
kDa PE
PE
FPW 71 kDa HL 10 kDa PE Humic and
71 kDa HL 71 kDa HL; 10 kDa
protein
PE

PE: protein enriched materials, HL: humic like materials.
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CHAPTER 9
SUMMARY AND RECOMMENDATIONS TO UTILITIES
A brief summary of conclusions from the experimental work conducted for this
research project is presented in this chapter. Recommendations to utilities are also
presented in this chapter.

Use of fouling indices for membrane performance assessement
Fouling indices determined from the resistance in series model approach were
more applicable for natural waters than for model waters. Overall, fouling was
proportional to throughput for both raw and pretreated water and at different flux rates;
different fouling indices were determined to describe different fouling aspects.
Pretreatment (coagulation) reduced hydraulic irreversible fouling (Utility A). The values
of the total fouling indices were much higher than those of the hydraulically and
chemically irreversible fouling indices, suggesting that most fouling was reversed by
hydraulic and chemical cleaning. For highly variable TMP data, a common occurrence at
short time scale, it is best to use average data to determine fouling index values. For total
fouling index values, the two-point method should be used for highly noisy data. To
reduce the dependency of noisy data, average values for the first and last few data points
should be used instead of just one first and last data point.
Comparison of bench and full scale data for the same membrane and water source
showed that the specific flux and fouling indices for the bench-scale system were higher
than those for the full-scale system (ranging from 2 to 8 times the full-scale fouling
indices). The steady state full-scale CIFI values (CIFI of the last 4 months) were more
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comparable to the CIFI at bench-scale (2.1 x 10-4 m2/L for the full-scale versus 2.5 x 10-4
m2/L for the bench-scale system). However, the fouling index ratios (HIFI/TFI,
CIFI/HIFI, and CIFI/TFI) for the bench-scale and the full-scale data during the period
when water samples were collected and tested at bench-scale were very similar,
suggesting that the nature of fouling was similar at both bench and full-scale. The
differences in HIFI/CIFI and CIFI/TFI ratios for the bench-scale and the one year long
full-scale systems were expected due to changes in water quality and permeate flux
fluctuation by demand and should not be attributed to drawbacks of bench-scale system
testing and/or the fouling index approach. These fouling index experimental results
suggest that bench-scale system results could be potentially used to describe different
aspects of fouling and screen membrane selection prior to pilot testing. However, only a
few hours of initial testing is not a good indicator of longer term membrane performance.
At least a few days of testing is recommended for long-term membrane performance
assessment.

Role of model nitrogen compounds in membrane fouling
The impact of relative DON concentration on membrane fouling was assessed
using model organic compounds (IHSS Suwannee river humic acid and model organic
nitrogen compounds). A mixture of model organic nitrogen compounds was used to
enhance the organic nitrogen concentration. Four model solutions normalized to the same
DOC concentration (3 mg/L) had different DON/DOC ratios (1/30, 1/14, 1/5 and 1/3).
Fouling indices, determined based on a linearized resistance in series model, were used to
compare membrane performance. Membrane A was used for these studies.
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The irreversible fouling indices were much lower than the total fouling indices for
all model solutions suggesting that most fouling was reversible by hydraulic backwash
and chemical cleaning. The most severe fouling occurred in the first 30 minutes of
operation (solution A) and after the first few hours of operation (solutions B, C, and D).
Chemical cleaning could not recover the initial productivity loss for solution A and partly
removed productivity loss for the other 3 model solutions. The fouling trend observed in
this study is very different from those reported in the literature for experiments conducted
at constant pressure operating conditions. This further emphasizes the impact of testing
conditions on membrane performance. DOC and DON removal across the membrane was
high, presumably due to deposits of materials and cake formation on the membrane
surface. FESEM images showed significant deposit and thin cake layers covering
membrane surfaces and pores for all fouled membranes. Chemical cleaning reduced
deposits significantly but did not completely remove the cake layer. XPS results correlate
very well with FESEM images; i.e., XPS results showed significant organic material
deposits and chemical cleaning could not remove all sorbed materials. Although higher
fouling indices were observed with the addition of model nitrogen compounds for most
cases, the specific flux loss showed the opposite trend. Thus there is no clear relation
between DON/DOC ratios and membrane fouling for the chosen model compounds.
Foulant size seems to be a less significant factor in membrane fouling. Membrane fouling
is dependant on foulant properties but relative fouling can not be predticed based on
molecular weight or DON/DOC ratio.
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Impact of water sources and membrane types on membrane fouling
Three different characteristic waters (oligotrophic, wastewater impaired, and algal
bloom impacted surface waters) normalized to the same TOC and DON/ DOC ratio
levels were chosen and tested for impacts of NOM source on membrane fouling. Fouling
indices were used to quantitatively compare membrane performance.
In general, the two membrane types behaved differently despite having the same
PVdF base material, suggesting membrane fouling is very specific to membrane type and
water source. Most fouling was reversible by hydraulic backwash except for one case
with membrane A tested using BSRW. However, chemical cleaning with chlorine was
very effective in reversing nearly all hydraulic irreversible fouling. Given the same
normalized TOC and DON/DOC levels, chemical irreversible fouling indices were very
low for all water sources and membrane types; they were highest for the algal bloom
impacted water source (FPW), less for the oligotrophic water source (QRW), and least
for the wastewater impaired water source (BSRW). ANOVA tests confirm the impact of
water sources on chemical irreversible fouling index. High initial total and hydraulic
irreversible fouling rates did not lead to high chemical irreversible fouling rates. Overall,
membrane A was subjected to more hydraulic irreversible fouling than membrane B.
However, TOC removal rates for membrane B were lower than for membrane A. For
membrane A, the wastewater impaired source caused the highest hydraulically
irreversible fouling. While most fouling by oligotrophic and algal bloom water source
was reversed by hydraulic backwash, only 19% of the total fouling by BSRW was
reversed by the hydraulic backwash. Membrane B behaved differently from membrane
A. Although membrane B had higher initial TFI values, the fouling rate decreased
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significantly after 3 to 4 hydraulic backwash cycles (2 hours of operation), resulting in
much lower irreversible fouling rates than membrane A. ANOVA tests confirmed the
impact of membrane type on TFI values. Algal bloom impacted water source caused the
most fouling; oligotrophic water source caused more hydraulic irreversible fouling than
wastewater impaired source. This suggests that a few hours of initial testing is not a good
indicator of longer term membrane performance. At least a few days of testing is
recommended for longer-term membrane performance assessment. Given the condition
that DON and TOC levels were controlled at the same level, it is not possible to
generalize the impact of different water sources on membrane fouling. Multiple pair-wise
comparisons suggested HIFI values differ for each membrane type and water source
combination. Membrane fouling was specific to water source and membrane type.
Nevertheless, the wastewater impaired water source and the algal impacted water source
tend to have high TOC concentration, which will likely lead to more severe membrane
fouling. Bench or pilot scale testing under full-scale operating conditions, and assessment
of fouling index values, continue to be necessary for determining membrane
performance.

Foulant characterization and identification
Membrane surface characterization
The surface analyses results agree very well with the membrane performance
results. Given the same normalized TOC and DON/DOC, there was much less deposition
on membrane B than on membrane A as observed by FESEM and less elemental
composition change as detected by XPS; this agrees well with the fact that membrane A
had more fouling than membrane B. FESEM images showed cake layers/deposits on the
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membrane surface with partially and fully blocked membrane pores after hydraulic
backwash (HBW). Elementary composition analyses by XPS showed that most foulants
were organic materials. Some inorganic foulants were also detected after hydraulic
backwash. Analyses by ATR-FTIR showed that hydraulically irreversible organic
foulants were mostly carbohydrates/polysaccharides, and the humic substances and
peptide/proteins. Humic substances and peptide/protein were found to be foulants
regardless of their molecular weight and origin. The nature of the foulants detected were
specific to membrane type. Chemical cleaning with chlorine solution was effective in
removing all inorganic foulants and most organic foulants. The three surface
characterization tools complimented each other and the membrane performance results
and thus are recommended for membrane foulant characterization.

NOM characterization with HPSEC and functional groups identification by ATR
FTIR
Combination of the HPSEC results and surface analyses by ATR-FTIR gives a
clearer picture of possible membrane foulants. As suggested by HPSEC and ATR-FTIR
results, humic substances and peptide/protein were found to be foulants regardless of
their molecular weight and origin. Foulant characteristics detected were specific to
membrane type. For membrane A tested with the oligotrophic water source, the
hydraulically reversible fouling materials were low MW (700 Da) protein-enriched
material, humic-like fraction of the 4000 Da materials. The hydraulically irreversible
fouling material were 700 Da and high MW humic-like (8k to 14k) materials. For
membrane B tested with the oligotrophic water source, the hydraulic reversible fouling
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materials were 700 Da protein-enriched materials, and 4000 Da humic like materials; the
irreversible foulants were 700 Da and 11 kDa humic like materials.
For membrane A tested with the wastewater impaired source, the strictly
hydraulically irreversible fouling materials (not at all backwashable) were humic like
high MW (18 to 21k) and protein-enriched fraction of lower MW (2,600 and 3,700 Da).
The hydraulically reversible fouling materials were humic-like materials with wide MW
distribution (2 to 14 kDa). For membrane B, the humic like fractions of MW 6.5 to 6.9
and 18 to 21 kDa were both reversible and irreversible fouling materials; i.e., were partly
backwashable (as detected by both HPSEC and ATR FTIR). The protein fraction of low
MW (700 Da) was possibly completely removed by hydraulic backwash. This might be
the reason for much lower hydraulic irreversible fouling of membrane B compared to
membrane A (HIFI values of 4.8 m2/L for membrane A versus 0.5 m2/L for membrane
B).
For the algal bloom impacted water source, the hydraulically reversible and
irreversible fouling materials were high MW (71k Da) humic-like materials and lower
MW (10k Da) protein-enriched materials for membrane A. For membrane B tested with
the algal bloom impacted water source, humic substances were detected as fouling
materials by both FTIR and HPSEC, while peptide/protein was detected by FTIR not by
HPSEC, suggesting that the hydraulic BW did not remove any peptide/protein. Thus, the
hydraulic reversible fouling materials were high MW (71k Da) humic-like materials and
the humic-like fraction materials of the lower MW (10k Da); the irreversible fouling
materials were high MW (71k Da) humic-like materials and lower MW (10k Da) proteinenriched materials. The fact that peptide/protein was removed from membrane B when
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tested with QRW and not removed when tested with FPW might explain the more severe
fouling of membrane B when tested with FPW than when tested with QRW. The trace
organic foulants after chemical cleaning were not detected by ATR-FTIR.

Applications/Recommendations
One of the main tasks of this research project was to develop and validate
different types of fouling indices to describe membrane fouling. One important aspect of
the development of fouling indices in this study was to not assign a specific fouling
mechanism based on the fouling data, which is different from previous studies; herein an
operational approach was followed. The fouling indices developed from the resistance in
series model describe membrane fouling with natural water sources relatively well. The
use of different fouling indices to describe membrane fouling makes the interpretation of
fouling data much easier, and thus provides a useful tool to compare performance of
different membrane types, treating different water sources, conducted using different fullscale, pilot-scale, or bench-scale experiments. As observed throughout the study, a
fouling index test that lasted for a short period of time (2 to 3 hours) is not representative
of longer term membrane performance. It is recommended that at least 3 to 4 days of
testing be utilized in determining values for fouling indices. Assessment and reporting of
standard, non-proprietary, fouling index values should aid in increasing the body of
knowledge concerning fouling of low pressure membranes in drinking water treatment,
akin to the century (or more) body of data for media filtration performance that is shared
based on a few operating variables (loading rate, filter run length, head loss, etc.).
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A main task of this research project was to assess the impact of organic nitrogen
compounds (measured as DON or DON/DOC) on low pressure hollow fiber membrane
fouling. The assessment was conducted with both model and natural water sources. DON
or DON/DOC were not found to be the controlling factor for membrane fouling for
experiments using both model and natural water sources. Given the condition that DON
and TOC levels were controlled at the same level, it is not possible to generalize the
impact of different water sources on membrane fouling. For membrane type A, the
wastewater impaired source caused the most irreversible fouling while for membrane
type B, the algal impacted water source caused the most membrane fouling. Thus,
membrane fouling is specific to water sources and membrane type. Nevertheless, the
wastewater impaired water source and the algal impacted water source tend to have high
TOC concentration, which likely lead to more severe membrane fouling. Bench or pilot
scale testing under full-scale operating conditions, and assessment of fouling index
values, continue to be necessary for determining membrane performance.
Utilization of advanced surface analyses to identify different types of foulants
(reversible versus irreversible, hydraulic versus chemical) was also achieved in this
research project. Polysaccharides, protein, and high molecular weight natural organic
matter have been repeatedly reported in literature to be the main cause of membrane
fouling. However, humic-like and protein-enriched materials of different sizes were
found as both hydraulically reversible and irreversible foulants in this study. Different
NOM fractions including carbohydrates/polysaccharides, humic substances and
peptide/protein were found to be hydraulically irreversible membrane foulants. Humic
substances and peptide/protein were found to be organic foulants regardless of their
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molecular weight and origin. In addition to fouling by organic matter, inorganic
substances could also cause membrane fouling. Chemical cleaning with chlorine solution
was found to be very effective in removing hydraulically irreversible foulants. The
fundamental results of this study support the need to do periodic (daily and bi-daily)
chemical enhanced wash at high chemical concentration (usually higher than current
practice) to decrease hydraulically irreversible membrane fouling, regardless of the
specific source water component responsible for the fouling.
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APPENDIX A
USE OF URI VALUES TO CHARACTERIZE NOM
The use of URI values (UV210/UV254 ratio) was independently validated through
testing different model compounds (humic substances, humic acid, and different model
proteins). A low URI value (2 to 3) suggests the NOM is enriched with humic-like
materials. A high URI value (50) suggests the NOM is enriched in protein-like materials.
An intermediate URI value (15 to 20) possibly suggests the presence of both humic-like
and protein-like materials but enriched with protein-like materials (protein-enriched
materials). Compared to the URI values reported by Her et al. (2008), the URI values of
the IHSS Suwannee river humic and fulvic acids were comparable, while the URI value
of BSA in this study is significantly higher than the URI value reported by Her et al.
(2008). This further confirms the need to do a control study of URI values for each
different HPSEC system, column and eluent types.
Table A.1 URI values of different model compounds
Model compounds

Reported
MW

IHSS Suwannee
River Humic Acid

IHSS Fulvic Acid

Protein

BSA

66,000

Spinach
Ferredoxin

Apparent MW

URI values
This
Her et
research al. 2008
1.65
1.59

Wide MW
distribution from
2000 to 80,000 with
peak at 25,000
Wide MW
1.78
distribution from
2,000 to 40,000 with
peak at 15,000
Narrow MW
46
distribution with peak
at 66,000
Narrow MW
25
distribution with peak
at 87,000
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N/C

0.03

1.88

0.03

13.5

0.35

-

APPENDIX B
IMPACT OF MOLECULAR WEIGHT ON MEMBRANE FOULING
To assess the impact of high molecular weight on membrane fouling, an
independent experiment with polyethylene oxide (PEO) with 77,000 Dalton molecular
weight (MW), a hydrophilic polymer, was conducted. The ionic strength, pH, and DOC
were adjusted similar to model solutions A, B, C and D (I = 0.001 M, pH 7, and 3 mg
C/L). Over two days of testing with the PEO solution, the productivity loss was
insignificant compared to that for model solutions A, B, C and D. The results suggest that
the fouling does not depend on molecular size alone, but is dependant on the nature of
foulants, or a combination of both size and foulant properties.
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Figure B.1 Specific flux versus throughput for membrane A tested with PEO
solution
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